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Abstract

In the past decade, nanodiamonds emerged as promising candidates in the field of
nanomedicine, bioimaging, and nanoscale sensing due to their outstanding magnetic
and optical properties. Nanodiamonds containing negatively-charged nitrogen vacancy
centers possess a stable fluorescence with a wavelength close to the near infrared and
show no photobleaching or blinking. Furthermore, nanodiamonds are biocompatible
which was demonstrated in various organisms. Taken together, these are the optimal
prerequisites for long-term fluorescence imaging or super-resolution microscopy. In
addition, polarization of spins of '3C enriched nanodiamonds could pave the way for
magnetic resonance imaging in future.

Next to imaging, the negatively-charged nitrogen vacancy centers located inside the
nanodiamond lattice act as nanoscale sensors due to their magneto-optical properties.
This enables to measure external single spins, electric and magnetic fields, temperature,
pH-value, and electric charges.

However, nanodiamonds tend to aggregate very strongly in physiological
environments and hence designing proper coating material is inevitable. Therefore,
before nanodiamonds can be applied routinely in bioimaging or nanoscale sensing these
limitations need to be overcome. Coating of nanodiamonds must not only improve their
colloidal stability and retain their good biocompatibility but also should not interfere
with their magneto-optical properties. In the past years, various coating materials have
been invented but they were mostly designed for a specific application and not for broad
usage.

In this thesis, we present two bio-inspired coating materials for nanodiamond
stabilization and functionalization. The first coating has been inspired by protein corona
formation around nanoparticles in Nature. Starting from the blood plasma protein
human serum albumin, we designed a positively-charged copolymer by attaching
polyethylene glycol chains. Negatively-charged nanodiamonds were coated by
electrostatic, non-covalent adsorption of the polycationic protein. This protein coating
could be easily functionalized and applied in different fields of bioimaging. In cells, we
used correlative light—electron microscopy to visualize nanodiamond clusters in
nanoscale resolution allowing to distinguish individual nanodiamonds. Furthermore, we
applied energy filtered transmission electron microscopy to identify single
nanodiamonds, which did not belong to a cluster, inside cells for the first time. Using
this technique, we showed single nanodiamond uptake into cells as well as single
nanodiamonds which were located in a mitochondrion. In vivo, we proved the integrity
of the coating and the successful crossing of coated nanodiamonds of the blood—brain
barrier. Furthermore, we designed a protein material which allowed us to perform
magnetic resonance imaging with high contrast in chick embryos. This new material
could pave the way to magnetic resonance imaging of coated nanodiamonds.



The second coating strategy has been inspired by mussel foot proteins. The small
molecule L-3,4-dihydroxyphenylalanine (L.-DOPA) self-polymerized starting from the
surface of nanodiamonds and formed a three-dimensional polymer network. In contrast
to the flexible protein coating, the poly(L-DOPA) allowed us to control the thickness of
the shell very precisely. Due to its strong absorption, poly(L-DOPA) is known to possess
a photothermal effect which was conferred to poly(.-DOPA) coated nanodiamonds.
After absorbing indocyanine green and transferrin to improve the photothermal effect
and induce cell targeting, a strong photothermal effect of the construct was observed in
Hela cells with spatial control by adjusting the diameter of the laser beam. Notably, the
photothermal effect could be induced in Hela cells even at a very low power of the laser
beam.

In summary, we developed two bio-inspired coatings of nanodiamonds and applied
these coated nanodiamonds in different fields, such as photothermal application and
bioimaging, as well as in different living systems from 2D cell culture up to in vivo
applications.
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1. Introduction

1.1 Carbon Nanomaterials

Over the past years, carbon nanomaterials gained increasing interest due to their low
intrinsic toxicity, low cost for large-scale production, and versatile surface
functionalization. Different allotropes of carbon at the nanoscale emerged such as
fullerenes and carbon nanodots, carbon nanotubes/nanohorns and graphene
nanoribbons, graphene and graphene oxides, and nanodiamonds (NDs, see Figure 1).
The whole family of carbon nanomaterial has been successfully applied in the fields of
sensing?, imaging?!, drug delivery!, and theranostics®. In the following, the different
allotropes of carbon nanomaterials are discussed briefly.

|
'

|
‘

Carbon nanotubes/
nanohorns, graphene Nanodiamonds
nanoribbons

Figure 1 Overview of carbon nanomaterials. Over the past years, carbon materials developed into
different directions including fullerenes and carbon nanodots, carbon nanotubes/nanohorns and
graphene nanoribbons, graphene and graphene oxides, and nanodiamonds.! Adapted with permission
from Panwar, N.; Soehartono, A. M.; Chan, K. K.; Zeng, S.; Xu, G.; Qu, J.; Coquet, P.; Yong, K.-T.; Chen, X.
Nanocarbons for Biology and Medicine: Sensing, Imaging, and Drug Delivery. Chem. Rev. 2019, 119 (16),
9559-9656. Copyright (2019) American Chemical Society.

Fullerenes are spherical all-carbon nanomaterials which were firstly predicted in
19703 and discovered in 1985*. Around ten years after their discovery, this achievement
was awarded with the Nobel Prize in Chemistry. Fullerenes exist with different numbers
of carbon atoms (Ceo, C70, Cso) and all of these carbon atoms are sp? hybridized.? The Ceo
fullerene, so called Buckminsterfullerene, is composed of 32 faces, 12 of these are
pentagonal and 20 hexagonal.* A special feature of fullerenes is their potential to act as
sensitizers for the photo-production of singlet oxygen (*0) and thus are applied for
photodynamic cancer therapy.3

Closely related to fullerenes are carbon nanotubes, which are buildup of only
hexagons and forming a tube structure. Carbon nanotubes can contain single or multiple
walls based on the number of layers.? For biomedical applications, carbon nanotubes
need to be functionalized further, e.g. by oxidation, because they possess a poor
dispersibility and a high toxicity.? Functionalized carbon nanotubes were utilized in
biomedical imaging, drug delivery, and biosensing. Next to carbon tubes, also flat carbon
sheets exist. Graphene is a single or few-layer 2D material composed of sp? hybridized
carbon which was discovered in 2004.3 Certainly, graphene became the most prominent
carbon material and was decorated with the Nobel Prize in Physics in 2010. This is due
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to its outstanding properties as high loading of aromatic drugs, thermal conductivity,
and thermal stiffness.® However, pristine graphene possesses a poor aqueous solubility.
Therefore, various derivatives have been developed as graphene oxide, reduced
graphene oxide, few-layer graphene oxide, and chemically changed graphene.?
Noteworthy, many layers of graphene can also stack on each other forming a 3D
material, so called graphite. The isolation of graphene from bulk graphite has been
achieved by simple exfoliation.”

While fullerenes, carbon nanotubes, and graphene are of uniform chemical structure,
carbon dots can combine various carbon interactions. Carbon dots are mainly classified
into three types: graphene quantum dots, carbon nanodots, and polymer dots.®
Graphene quantum dots contain at least one layer of graphene as a carbon core. These
carbon dots show a size-dependent fluorescence between 1 to 8 nm and the emission
changes from blue to orange-red.” Carbon nanodots are composed of sp?/sp> carbons
or amorphous carbon together with embedded sp?-hybridized nanocrystalline regions.
Finally, polymer dots are composed of aggregated or cross-linked polymers.®

NDs differ from the mentioned carbon materials strongly because NDs are buildup of
a crystalline carbon lattice in which carbon atoms are sp? hybridized. In contrast to
graphene, diamond is only metastable at ambient temperatures and the production of
diamond requires a much higher temperature and pressure.® While the fluorescence of
NDs origins from defects in the lattice, the fluorescence of the other carbon materials
mainly origins from conjugated m-electron systems. These defects in NDs enable imaging
without bleaching and sophisticated sensing of magnetic and electric fields,
temperature, and electron spins. Similar to the other carbon nanomaterials, the surface
of NDs must be functionalized for biomedical applications because unmodified NDs tend
to aggregate strongly in aqueous solutions. In the following introduction, all features of
NDs will be discussed as physical properties, synthesis, post-modification, coating, and
applications in biomedicine, imaging as well as sensing.
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1.2 Physical Properties of Nanodiamonds

NDs possess outstanding magneto-optical properties, which enable a variety of
applications in the fields of bioimaging and nanoscale sensing. In this chapter, these
physical properties are discussed in detail.

Graphite vs. Diamond

While graphite is the most stable form of carbon material, diamond is only
metastable at ambient temperatures. Although the energy difference between the
phase of graphite and diamond is small (0.02 eV/atom), the two phases are separated
by a high energy barrier (~0.4 eV/atom). Therefore, graphite can be only transferred into
diamond at high temperatures and high pressures.® Interestingly, at nanoscale, the
stabilities of the diamond and graphite phases are reversed because the surface energy
becomes more dominant. Consequently, small NDs (3—6 nm) are more stable than
nanographite.’

Chemical Structure of the ND Core

Regarding the chemical composition, NDs can be divided into a core and a surface
unit. While the core of NDs is composed of sp? hybridized carbon atoms forming
tetragonally coordinated carbon—carbon bonds, so-called diamond cubic, the surface is
of complex chemical structure and can contain a various number of different chemical
functionalities. These first subchapters will focus on the nature of the core.

Diamond is the strongest and most inert material known up to date due to the dense
packing of the carbon atoms. Because of the sp® hybridization of the carbon atoms in
the core, diamond possesses a large band gap of 5.49 eV (see Figure 2A), which is
equivalent to the energy of light with a wavelength of 225 nm. This means that diamond
is transparent for light with a higher wavelength than 225 nm, which is essential to
understand the optical properties of NDs. The large bandgap of diamond materials
allows optically active crystal defects to emit light with a fluorescence spectra in the
visible and infrared regions. In addition, the diamond core possesses a high refractive
index (~2.4) providing strong scattering of light, especially in the ultraviolet (UV)
region.tC

11
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Figure 2 Characteristics of nitrogen-vacancy (NV) centers in fluorescent nanodiamonds (FNDs). (A) Energy
diagram of a negatively-charged NV (NV~) center. NV~ centers possess a spin triplet in ground (|g>) and
excited (| e>) state as well as a metastable singlet state (|s>). Wiggling arrows indicate radiative transition
and black arrows either strong or weak non-radiative relaxation via the singlet state. In the ground state,
the spin sublevels ms=0 and ms=t1 are separated by 2.87 MHz at zero magnetic field. At nonzero magnetic
field, ms=+1 and ms=—1 are split according to the strength of the magnetic field. (B) Schematic
representation of a NV center. (C) Typical photoluminescence spectrum of different NV centers in a FND
with a zero phonon line of a neutral NV at 575 nm, of a NV~ at 638 nm, and vibrational side of NV~ at 630—
800 nm. (D) Photoluminescence spectra of different color centers such as germanium-vacancy (GeV), NV,
silicon-vacancy (SiV), and nickel-vacancy (NiV). (A)+(C) are adapted with permission from Schirhagl, R.;
Chang, K.; Loretz, M.; Degen, C. L. Nitrogen-Vacancy Centers in Diamond: Nanoscale Sensors for Physics
and Biology. Annu. Rev. Phys. Chem. 2014, 65 (1), 83-105. Copyright (2013) Annual Reviews. (B) is adapted
with permission from Wu, Y.; Jelezko, F.; Plenio, M. B.; Weil, T. Diamond Quantum Devices in Biology.
Angew. Chemie - Int. Ed. 2016, 6586—6598. Copyright (2016) John Wiley and Sons. (D) is adapted with
permission from M. H. Alkahtani, F. Alghannam, L. Jiang, A. Almethen, A. A. Rampersaud, R. Brick, C. L.
Gomes, M. O. Scully, P. R. Hemmer, Nanophotonics 2018, 7, 1423—-1453. Published by De Gruyter.

Crystal Defects and Color Centers in NDs

Ironically, imperfections in the diamond carbon lattice are a main reason for the rapid
success of NDs in the fields of bioimaging and sensing. As mentioned before, pure NDs
are entirely transparent and possess no optical properties. However, impurities and
vacancy defects in the ND lattice can absorb and emit light. There are hundreds of
luminescent defects in diamonds known including boron, nickel, silicon, nitrogen,
among many others.!! The latter gained especially high interest in the research during
the last decade due to its optical features and the possibility of sensing. The nitrogen-
vacancy (NV) center is a point defect in the carbon lattice of the diamond and consists
of a substitutional nitrogen atom, which is directly located next to a vacancy (see Figure
2B) and can occur in different charge states.'? While the neutral (NV°) and positive (NV*)
12



charge states show no magneto-optical activity, the negatively charged NV center (NV")
does and therefore, is the most attractive one especially in sensing. In total, six electrons
are involved in the formation of the NV~ center. Two electrons originate from the
nitrogen atom, three electrons are dangling bonds from the three carbon atoms located
around the vacancy, and the last electron is captured from the lattice.'® The NV~ center
has a sharp optical zero-phonon line at A=638 nm (E=1.945 eV, see Figure 2A+C) and a
phonon sideband at 600-800 nm (see Figure 2C). However, the zero phonon line
contributes less than 5% to the total emission. The vibrational side band can be removed
by cooling down the diamond to 10 K or lower. Interestingly, the fluorescence of the NV~
center does not bleach and is independent of the size of NDs in contrast to quantum
dots (QDs), which show a size-dependent change in the color.}* The NV~ center has an
electron spin which equals to 1. Due to this, the ground and excited states of the NV~
center are triplets, for which ms=0 and ms=%1 states are split at zero-field by 2.88 GHz
and 1.42 GHz, respectively. For both ground and excited states ms=+1 and ms=—1 are
degenerate levels, this degeneracy can be removed by external magnetic field or lattice
strain. The relaxation from excited to ground state is spin dependent. In case of m=0,
the electron will relax by a radiative process. However, if the electron spin equals ms=%1,
the relaxation to the ground state can go directly with photon emission or with 30%
probability through the intermediate state by a non-radiative path and with spin
conversion from ms=11 to ms=0 (see Figure 2A). Therefore, the number of emitted
photons is spin-dependent and is lower for ms=t1. Due to this, the electronic spin state
can be detected by optically detected magnetic resonance (ODMR). The principle of
ODMR is discussed in the next chapter »Sensing Properties of Color Centers« in detail.
Furthermore, the spin states possess long relaxation times (T1, T2).1? All these features
enable sensing using NV~ centers which is discussed in the next chapter.

So far, the NV center is the best studied color center in NDs. However, there is
extensive research to identify and characterize new color centers mainly because of
three reasons: (1) the emission of the NV center is very broad and there is a need for
color centers with sharp and narrow emissions; (2) a stronger fluorescence signal would
be beneficial which is comparable to small molecular dyes allowing the use of commonly
available imaging instruments; (3) color centers with an emission peak shifted more into
the near-infrared (NIR) region would enable bioimaging in vivo because it overcomes
the problem of the penetration depth of the light.'*

Another interesting color-center is the silicon-vacancy (SiV) center. SiV centers
possess a sharp and narrow zero-phonon line at around 738 nm (see Figure 2D). In
addition, the excitation wavelength can be chosen in the NIR window. Therefore, the
silicon vacancy center is of great interest for bioimaging and sensing. Nickel color centers
in diamonds possess a photoluminescence doublet around 883/885 nm and are also
promising candidates for bioimaging (see Figure 2D). Finally, tin-vacancy centers and
germanium-vacancy centers are studied as well with zero-phonon lines at 619 nm and
602 nm, respectively (see Figure 2D).%*
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Sensing Properties of Color Centers

NDs with color centers are interesting optical markers. However, they can be used as
nanoscale sensors too depending on the type of color center which is located inside the
diamond lattice. NDs containing NV~ centers can be used as nanosensors not only with
high sensitivity but also with nanoscale spatial resolution. For example, the NV~ center
can detect magnetic or electrical fields as well as temperature changes due to its
physical properties. The detection of magnetic fields is possible because of the spin
properties of the NV~ center. As mentioned earlier, the NV~ center possesses a spin of 1
and a spin triplet at the ground and excited states. The ground states ms=0 and ms=%1
are separated by 2.88 GHz (see Figure 2A) and in a similar way the excitation states ms=0
and ms=+1 are separated by 1.42 GHz. Optical excitation (by laser excitation) allows
transitions only with spin state conservation. In simpler terms, transitions from the
ground state ms=0 to the excited state ms=%1 and from the ground state ms=%1 to the
excited state ms=0 are forbidden. However, a microwave with a resonance frequency
allows the spin conversion from ms=0 to ms=+1 of either ground states or excited states.
This enables the manipulation of the spin states of the NV~ center. The relaxation from
the excited state to the ground state is also spin dependent. As mentioned above, every
electron relaxation at ms=0 releases one photon. However, in case of ms=t1 the
relaxation can go through the intermediate state (30% chance) without photon emission
and with spin conversion to ms=0 (see Figure 2A). This phenomenon optically
distinguishes the spin states of NV~ centers: ms=0 emits more photons and is called
bright state while ms=+1 emits less photons and is called dark state. The technique which
measures this is called ODMR. The highest contrast which can be achieved between
bright and dark states is 30% (see Figure 3A). Furthermore, a long laser excitation (pulse
longer than 500 ns) always transfers the electrons of NV~ centers into the spin state
ms=0 due to the relaxation and spin conversion over the intermediate state (see Figure
2A). In summary, the NV~ center is a spin system, which can be optically transferred to
special spin states (laser light to ms=0), which allows manipulation of spin states by
microwaves (microwave to change ms=0 to ms=t1), and which allows optical readout
(different number of photons for different spin states). An external magnetic field splits
the spin states ms=+1 and ms=—1 and shifts them relatively to ms=0 due to the Zeeman
Effect (Figure 3C). Therefore, ODMR measurements with an external magnetic field give
not one minimum as it is the case at zero-field conditions (Figure 3A), but two (Figure
3C). How strong the two minima are separated from each other depends on the strength
of the magnetic field (2yB). Therefore, any external permanent magnetic fields can be
sensed by the splitting of ms=+1 and ms=—1 spin states and consequently, a change in
the frequency which can be directly measured by ODMR.*2 The splitting between ms=+1
and ms=—1 can also appear due to lattice strain especially for NV~ centers located closely
to the surface. However, this internal splitting does not affect external splitting and NDs
can be used to sense magnetic field in the same manner. Oscillating magnetic field can
be measured by their effect to the spin-lattice (T1, see Figure 3B) and spin-spin (T2)
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relaxation times. In a perfect system, the present spin states should keep the state
forever. However, in the real system, there are a lot of different fluctuating magnetic
fields, which decrease the relaxation times of the spin. Measurements of T1 and T2 are
most useful to detect different parts of external magnetic fields. In principle, the NV~
center is sensitive for all kind of spins which are located close enough (less than 30 nm).
This enables a number of sensing possibilities such as nanoscale NMR, ion
concentration, pH values, electric charges, and single molecular-spins.3

Other than magnetic fields, changes in temperature can also be measured. One way
to detect the change in temperature is to observe the shift of the zero-phonon line due
to the crystal expansion which occurs due to the temperature increase. This is applicable
for all color centers in diamonds. However, for NV centers it is not very effective, since
only less than 5% of the total emission goes through the zero-phonon line. Therefore,
this method is more effective for silicon-vacancy centers. NV~ centers rely on another
technique to measure changes in temperature. The crystal field which is responsible for
splitting the ms=0 and ms=%1 is temperature dependent. That is why, a shift of ODMR
lines will be observed due to the change in temperature (Figure 3D).'* This effect can be
amplified by external magnetic fields. The accuracy of sensing the temperature is
roughly 1 °C.*>

These are the physical fundamentals of sensing using fluorescent nanodiamonds
(FNDs). To illustrate the sensing potential better, examples from literature will be given
in Chapter 1.8.

T1 spectroscopy:

ODMR spectroscopy: Detection of magnetic or electric local
unperturbed state fluctuations in cells
A Laser B | initialization park time r Read Out
Microwave AAAAAAAAAAAY Laser MM |
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Figure 3 Schematic illustration of different spectroscopic methods for sensing. (A) In ODMR spectroscopy
FNDs are illuminated by a laser constantly while a microwave with changing frequency is applied. At the
frequency matching the zero-field splitting, the fluorescence intensity drops by about 30% because
electrons in the excited state with a spin state of ms=1 can relax over the single state by a non-radiative

process. (B) In T1 spectroscopy, electron spins are first transferred into ms=0 by optical pumping. After
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switching off the laser, the electron spins return into the equilibrium. Because ms=0 is brighter than the
equilibrium spin states, the time until the equilibrium is reached can be measured by the
photoluminescence intensity of the FNDs. (C) In presence of an external magnetic field, ms=+1 and ms=
—1 split according to the strength by the magnetic field. This can be measured by ODMR spectroscopy. (D)
Other than external magnetic fields, the spin states are also sensitive to temperature. If the temperature
changes, the resonance frequencies will change as well. (A)—(D) are adapted with permission from Torelli,
M. D.; Nunn, N. A.; Shenderova, O. A. A Perspective on Fluorescent Nanodiamond Bioimaging. Small 2019,
1902151. Copyright (2019) John Wiley and Sons.

Surface Properties of NDs

While the composition of the core is simple from the chemical point of view, the
surface of NDs is chemically highly complicated and can contain a various number of
different chemical functionalities. The surface of NDs is important for further
modification and for the dispersion of NDs in different solvents. A major limitation is the
presence of mostly sp? carbon. These graphitic structures could form onion rings around
the carbon materials and are strongly quenching the luminescence of the color centers
in the ND core.l° These diverse chemical functionalities on the ND surface are also
causing the risk of strong batch-to-batch variations. Therefore, numerous techniques
were invented to remove sp? carbon and to homogenize the surface of NDs.'® These
treatments are discussed in chapter 1.4.

Size and Shape of NDs

Sizes of NDs vary usually from a few to hundreds of nanometers depending on the
synthesis method. NDs produced by detonation techniques are commonly small (4—
5nm) and of spherical shape.’® Micron-sized NDs synthesized by high pressure—high
temperature approaches require further crushing to reach nanoscale sizes. Therefore,
these NDs possess usually sharp edges and form various non-regular shapes.'°

It is well known that the size of nanoparticles (NPs) in general is important for
biomedical applications. However, there are also investigations about the behavior of
NDs with different shapes. For example, there are indications that NDs with sharp edges
can penetrate into cells easier compared to spherical NDs.17:18
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1.3 Synthesis of Nanodiamonds

NDs are produced by either top-down or bottom-up approaches. In the top-down
process, micron-sized NDs are fragmented by milling or ultrasound.'® However, these
vigorous mechanical processes can easily damage the optical properties of NDs. In
contrast, during the bottom-up process, the carbon lattice is formed from molecular
precursors. Often, bottom-up and top-down processes are combined. Therefore,
micron-sized NDs are fabricated by bottom-up approaches and are fragmented into
nanometer sizes afterwards by top-down processes. Among these many methods?°,
three approaches became more relevant and are discussed in the following.

Detonation, Chemical Vapor Deposition, and High Pressure—High Temperature
Synthesis

Over the past decades, three prominent methods to produce NDs distinguished
themselves. Firstly, the detonation technique which was already reported in the 1960s
and produces nanometer sized NDs. Secondly, chemical vapor deposition (CVD) which
is mostly applied to create coated surfaces and ND films. Thirdly, the production under
high pressure and high temperature (HPHT) which is the mildest and most controllable
technique and therefore is applicable to produce FNDs.

The production of diamonds by detonation was invented by Danilenko in 1963.%! The
detonation takes place in a closed chamber filled with molecules of explosives
(Composition B) which provide both, the carbon source for diamond formation and the
high energy which is needed for the conversion. Composition B is a mixture containing
TNT (2,4,6-trinitrotoluene) and hexogen (1,3,5-trinitroperhydro-1,3,5-triazine) among
others.'>22 |n addition, the reaction chamber is either filled with an inert gas or ice, so-
called ‘dry’ or ‘wet’ synthesis. After the detonation, a soot is formed which contains
diamonds, graphitic carbon materials, and other impurities. Therefore, intensive
purification is necessary to remove sp? carbon and metal impurities. NDs produced by
detonation techniques are polycrystalline and are only of a few nanometer in size.?

Another attractive method to produce NDs is CVD. Usually, a gas phase composed of
hydrogen and methane is ionized into chemically active radicals using microwave,
radiofrequency, laser induced, direct current, hot filament, or chemical activation. While
methane acts only as carbon source, hydrogen is very important because it terminates
the dangling carbon bonds, creates reactive carbon radicals, and prevents the growth of
graphite. The growth process of the NDs in CVD takes place on a substrate surface.
Commonly used substrates are molybdenum, silicon nitride, and tungsten carbide which
require special pretreatments before the CVD process. The temperature of the
substrates is set from 1000 to 1400 K during the CVD process. Due to the substrate
surface and growth time, NDs can either form individual NDs or a thin film in CVD.?3

The classical HPHT approach is considered milder and better controllable compared
to the detonation method and single-crystalline NDs are formed. Therefore, this process
17



gained much attention to produce FNDs. Synthesis occurs often in a diamond anvil cell
(see Figure 4B) but also other methods are reported, e.g. piston-cylinder or multi-anvil
devices.?* Using a diamond anvil cell, carbon materials are usually located in a chamber
which can be heated up to high temperatures (~2000 K). Two diamond anvils, one from
the top and one from the bottom, are exerting the high pressures to the chamber.
Traditionally, graphite, carbon nanotubes or fullerenes are used as a carbon source.’®
Under high pressure and high temperature, a thermodynamic transition of the carbon
phase from sp? to sp? hybridization takes place. Afterwards, bulk diamonds, which are
formed during HPHT, are fragmented into nanometer-sized diamonds by bead-assisted
sonic disintegration or mechanical ball milling (see Figure 4A).2 Recently, the direct
production of nanometer-sized NDs using HPHT was achieved whereby damage during
milling processes was avoided. A more detailed description can be found in chapter
»HPHT Synthesis using Adamantane Seeds«.
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seed. Adamantane containing a nitrogen atom allows to introduce nitrogen into NDs during the growth
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7,1423-1453. Published by De Gruyter.
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Implementation and Stabilization of Vacancy Centers

Most of the natural formed bulk diamonds possess nitrogen impurities in the carbon
lattice. However, the number of active NV centers is typically too low for applications.
There are several ways to improve the number of active NV centers. If bulk diamonds
do not contain any or too less nitrogen atoms such as natural bulk diamonds, nitrogen
atoms can be introduced into the diamond lattice subsequently using ion implantation.?®
For example, the group of Wrachtrup successfully introduced a single NV center into
diamonds using a N or °N ion beam.?®?’ In contrast to the detonation method, CVD
and HPHT syntheses allow the introduction of nitrogen atoms during the growth

28-30 This is accomplished by introduction of N, gas during the CVD process?® or

process.
using nitrogen containing carbon sources, such as adamantane carbonitrile, during the
HPHT synthesis.?®3° However, the introduced nitrogen atoms do not form active NV
centers instantaneously. Vacancies in the diamond lattice can be created by high-energy
electron or ion irradiation (10 MeV and 8 mA3!). To form active NV centers, these
vacancies need to move to a nitrogen atom in the lattice which is accomplished by high-

temperature annealing (800 °C under vacuum, 2 h31).13

Next to nitrogen, also other atoms were explored. Recently, the group of Krivitsky3?
synthesized NDs containing silicon vacancy center by adding tetrakis(trimethylsilyl)-
silane during the growth process. Furthermore, germanium vacancy centers were
successfully introduced by ion-implantation.3?

High Pressure—High Temperature Synthesis using Adamantane Seeds

Traditionally, diamonds produced by HPHT synthesis are of micrometer size and need
to be fragmented to reach nanometer scale. These processes are costly and time-
consuming because the milling is accompanied by metal impurities which need to be
removed again. In addition, fragmentation by bead-assisted sonic disintegration or ball
milling can create thin cracks in the NDs lattice or destroy vacancy centers. Therefore, it
would be beneficial to synthesize directly nanometer-sized diamonds using the HPHT
method. Usually, the carbon sources are completely decomposed under the high
pressure and high temperature conditions. To gain more control over the formation of
diamonds, a synthesis using carbon seeds was proposed. These seeds should help to
initiate the formation of diamond and lead to a more controllable growth even at lower
pressures and temperatures (see Figure 4C). The smallest unit in a diamond is of similar
shape as adamantane. The carbon atoms of adamantane possess already a sp3
hybridization. Although the idea to use adamantane as carbon source for diamond
synthesis is not new, it was reported in 1965 firstly34, there were strong disagreements
about the behavior of adamantane during the diamond formation in the literature in the
past decades.3® Mostly, there was no difference between adamantane and other
hydrocarbons because of the very high pressure (12.5 GPa) and high temperature
(2000 K) which was applied. Under these conditions, adamantane is decomposed
completely and cannot act as a seed. Onodera et al. reduced the pressure and
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temperature (8 GPa, 1590 K) significantly but received only ND aggregates.3° In the past
two years, several articles dealing with HPHT synthesis using adamantane seeds were
published which emphasizes the importance of this topic.2%393%36 For the first time, the
group of Vlasov®® reported synthesis of nanodiamonds using a pressure (9 GPa) which is
below the pressure limit required for the direct conversion of graphite (>11 GPa) and
temperature values ranging from 1900 to 1270 K. The formed NDs had sized of 2-10 nm
in diameter. Using a mixture of adamantane and adamantane carbonitrile (adamantane
containing a nitrogen atom), the formed NDs possessed different types of NV centers
(NVN, NVO, NV-).30 Recently, the group of Hemmer?® reported ND formation at a low
temperature but still a high pressure (400 °C, 10 GPa). It was speculated that the low
temperature slows down the reaction and gives higher quality NDs. In addition, the
temperature is below the decomposition temperature of the seed (2-azaadamantane
hydrochloride). NDs with sizes of 10 to 150 nm were formed which possessed NV° and
NV~ centers upon irradiation and annealing.?’ Next to this, it was recently shown that
using polymeric adamantane seeds (poly(1-vinyladamantane)), ND formation took place
at very low temperatures (250 °C, 7 GPa).3® However, the production of FNDs with
intrinsic NV centers has not yet been achieved.

Post-Synthetic Purification

During the synthesis of NDs and also during the irradiation processes, samples are
contaminated with non-diamond carbon and metal impurities. In general, diamonds
synthesized by detonation techniques require a more intensive purification compared
to NDs produced by HPHT.'® A common protocol to remove sp? carbon (graphite) and
metal impurities is oxidation of the ND surface using strong acids.'®!° The reactivity of
the sp? carbon is significantly higher than the reactivity of sp® carbon towards
oxidation.?” The most popular procedure which is used throughout the literature is a
mixture of concentrated sulfuric, nitric, and per-chloric acid (HCI, HNOs, and H,S04).%®
Another popular way to purify the ND surface is air oxidation. By adjusting the
temperature carefully, only sp? carbon can be removed selectively (425 °C). Using a
temperature above 450 °C, sp? and sp? carbon will be oxidized. The latter method is
more efficient in removing the sp? carbon completely but comes along with the loss of
sp® carbon.® It is important to note that the purification of the ND surface is not only
critical to prevent aggregation but it also strongly affects the NV centers within the NDs.
Graphite on the ND surface quenches the NV luminescence and a highly oxidized ND
surface can influence the charge state of the NV centers closely located to the surface.3®
Oxygen or fluorine terminated NDs showed a higher ratio of NV-/NV° compared to
hydrogen or nitrogen terminated NDs.3%%° Especially for applications in the field of
sensing a high number of NV~ centers is required because only NV~ possess magneto-
optical properties. After the surface purification, the deagglomeration of the NDs is
necessary because single NDs are forming aggregates. NDs produced by detonation
require stronger deagglomeration methods compared to NDs from HPHT which tend to
aggregate less. High-energy ball milling is the most promising method for detonation
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NDs and the milder sonication is the method of choice for NDs produced by HPHT
synthesis.'® Depending on the size-distribution of the NDs, a size fractionation could be
useful. Especially for NDs produced by fragmentation, fractionation is crucial because
the size-distribution of the NDs is broad.’ Fractionation can be performed by
centrifugation, ultra-centrifugation or density-gradient centrifugation.*
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1.4 Primary Surface Functionalization of Nanodiamonds
Primary Surface Functionalization by Oxidation, Reduction or Gas Phase

The application of NDs in drug delivery, bioimaging, and sensing comes along with
special demands on the quality of the ND surface. While the ND core is inert, of simple
molecular composition, and shielded from the external environment, the surface of NDs
is highly complicated on the molecular level and is in direct contact with the surrounding
environment. Therefore, the surface chemistry is crucial for the colloidal stability in
solution of NDs and for further modification. As mentioned before, the ND surface also
influences the NV centers in the diamond lattice. To reiterate, oxygen or fluorine
terminated NDs (~30 nm) showed a higher ratio of NV=/NV° compared to hydrogen or
nitrogen terminated NDs.3%% In addition, surface functionalization is important to
standardize the surface properties of NDs from different batches or even from different
synthesis methods to prevent batch-to-batch variations. The surface of NDs can contain
various functional groups such as COOH, C=0, different alcohol functions (tertiary,
secondary, primary), and ether groups. Therefore, the surface charge can vary strongly,
with zeta potentials ranging from -50 to 50 mV.® Other than standardizing the surface
characteristics, surface functionalization is an important starting point for further
chemical modification of NDs. In this chapter, there is a clear distinguishment between
primary surface functionalization and coating of NDs. Primary functionalization refers to
the conversion of functional groups such as a transformation of hydroxyl groups into
carboxylic acid groups, whereas coating includes covalent and non-covalent interactions
taking place at the ND surface such as polymerization from the ND surface or non-
covalent attachment of proteins.
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Figure 5 Schematic overview of different primary post-functionalization methods of nanodiamonds.

Carboxylated NDs. COOH-terminated NDs have already been discussed previously
because oxidation is a standard procedure to purify the ND surface. To recap, the
oxidation of the ND surface is mainly performed using a mixture of concentrated acids
or by heating above 400 °C (see Figure 5I).1° Oxidized NDs possess a hydrophilic
character with a zeta potential between -30 to -50 mV.®
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Hydroxylated NDs. OH-terminated NDs are of interest because they allow silylation
or acylation reactions. A common way is to reduce C=0 groups using borane or LiAlHa.
A harsher way is the use of the Fenton reagent, a mixture of hydrogen peroxide and
FeSO4 in a strongly acidic solution. First, this reagent removes non-diamond carbon
followed by a reaction of generated OH radicals with the surface of the ND yielding a
highly hydroxylated surface (see Figure 5I1).1°

Hydrogenated NDs. The reduction of functional groups to C—H groups is rather
difficult because it typically results in just different types of hydroxyl functions. The
introduction of C—H groups using elemental hydrogen at high temperatures (~900 °C)
was reported.'® However, the number of C-OH increases as well and the high
temperature cannot be used for nanometer-sized diamonds because this would
produce significant amounts of graphitic carbon.!® Therefore, a more elegant method
has been to perform hydrogenation in a plasma reactor. Loh et al.** created a
hydrogenated surface of detonation NDs using a microwave plasma reactor at 800 °C
twice for 60 min (see Figure 5lIl). Another method describes to use hydrogen gas in a
microwave plasma generator at a pressure of 15 mbar.*3

Fluorinated NDs. Fluorination of NDs was achieved by Khabashesku et al. using a gas
phase reaction of F2/H, mixture at high temperatures (see Figure 51V). Another method
is to apply atmospheric pressure plasma with CFs4 to graft fluorine atoms to the ND
surface.®

Chlorinated NDs. The most efficient way to produce a chlorinated surface of NDs is
the photochemical reaction of gaseous chlorine with hydrogenated NDs (see Figure
5V).te

Aminated NDs. Amine-terminated NDs were produced using chlorinated NDs in
gaseous ammonia at elevated temperatures (see Figure 5VI). So far, amination by
photochemistry or plasma treatment was only achieved for ND films but protocols could
be transferrable to single ND particles.'®

Primary Surface Functionalization using Small Molecules

Functionalization of the surface of nanodiamonds is also possible using small
molecules especially when it comes to functional groups which are difficult to introduce
in another way. Azide-terminated NDs were prepared using dopamine derivatives
transforming the primary amine group of dopamine into the azide group. By mixing
hydroxylated NDs with the dopamine derivatives, a monolayer shell of dopamine was
formed where the azide groups were on the surface.** A dopamine derivative was also
used to prepare perfluorophenyl azide-terminated NDs for further photochemical
reactions.*> Hydroxylated NDs were functionalized using the coupling agent, 3-
aminopropyltriethoxysilane, vyielding in amine-terminated NDs.***’” Furthermore,
treatment of hydroxylated NDs with firstly 3-bromopropyltrichlorosilane and secondly
sodium azide also enabled the formation of azide-terminated NDs.*® Another way to
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produce azide-terminated NDs is coupling of 4-azidobenzoic acid to hydroxylated NDs
using  N,N’-dicyclohexylcarbodiimide (DCC).*®  Alkynyl-terminated NDs were
functionalized by coupling of 4-pentynoic acid in the presence of DCC.>° Carboxylated
NDs can be also transferred into hydroxylated NDs by reaction with ethanolamine in the
presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccin-
imide (NHS).”! Furthermore, these NDs can be functionalized with an azide group by
esterification of the hydroxyl groups of the NDs with 2-(2-azidoethoxy)ethyl 4-chloro-4-
oxobutanoate.>!

As pointed out above, there are many different possibilities to functionalize the
surface of NDs. How these functionalization strategies help to further coat the surface
of NDs for various applications is explained in the next chapter in detail.
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1.5 Surface Coating Strategies of Nanodiamonds

For most applications, simply relying on primary surface functionalization of NDs is
not sufficient because the NDs often still aggregate strongly in aqueous buffer systems.
Therefore, further coating of NDs is necessary. In this chapter, different strategies to
coat NDs are discussed and classified by covalent or non-covalent interactions as well as
the type of modification.

Covalent Surface Coatings

A good starting point for covalent modifications of NDs is a carboxylated surface.
Carboxylic acid groups can be easily activated and react with amine groups
subsequently. Mostly, carboxylic acid groups on the surface of NDs are activated by
either thionyl chloride or simple EDC/NHS chemistry. Hydroxylated NDs are often used
for esterification or reactions with siloxanes.!® In contrast, amine-terminated NDs
seldom find a use because the preparation is rather difficult. However, amine-
terminated NDs allow the access to reactions with activated carboxylic acid groups. In
the following, representative examples are given.

Linear Polymers. Introducing a polyethylene glycol (PEG) shell is a common strategy
to modify NPs because PEG possesses a high biocompatibility, a low immunogenicity,
and prevents protein adsorption. Most importantly, PEG chains improve the colloidal
stability of NPs. Therefore, modifications with PEG chains are also of interest for NDs
and several different methods for the attachment of PEG units are described in
literature.>>=8 Carboxylated NDs were either activated using thionyl chloride (SOCI,)**>3
or EDC/Sulfo-NHS>*. Afterwards, PEG chains were grafted onto the surface of the
activated NDs by esterification of the hydroxyl or amine groups located at one end of
the PEG chains. Furthermore, PEG units, end-functionalized with a thiol, were grafted
onto NDs by thiol-ene click chemistry reacting with the sp? carbon on the surface of
NDs.>> Although, amine-terminated NDs are not often used in literature, due to the more
challenging functionalization and the normally bad dispersity of amine-terminated NDs,
Lu et al.>® synthesized PEGylated amine-terminated NDs using the “grafting onto”
approach. Firstly, two different polymers were synthesized by reversible addition-
fragmentation chain transfer (RAFT) polymerization and end-functionalized with a
carboxylic acid group to enable coupling to the amine-terminated NDs. Another
approach?’ described amine-functionalized NDs which were coupled to o-
methylbenzaldehydes to enable light-induced ligation of polymers (see Figure 6A). Using
different maleimide end-functionalized polymers synthesized by RAFT polymerization,
UV-light promoted Diels-Alder reactions with o-methylbenzaldehydes was
demonstrated to be an efficient modification strategy.*’ Finally, azide-terminated NDs
were modified with polymers by strain-promoted alkyne—azide cycloaddition click-
chemistry. Two polymers were synthesized by RAFT copolymerization or block
copolymerization and end-functionalized with dibenzocyclooctyne which allowed
ligation to the azide-terminated NDs.>!
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To increase the density of the PEG units, grafting from approaches were exploited as
well. Zhang et al.>” compared “grafting to” and “grafting from” approaches of PEG units
(see Figure 6C). “Grafting to” was achieved by activation of the carboxylic acid groups of
NDs followed by esterification of hydroxyl groups of PEG chains (1900 Da). “Grafting
from” was performed by atom transfer radical polymerization (ATRP). Hydroxylated NDs
were modified using 2-bromoisobutyryl bromide as initiator. Afterwards,
poly(poly(ethylene glycol) methacrylate) chains were polymerized on the ND surface
through ATRP using Cu(Br)/N,N,N’,N”,N”’-pentmethyl diethylenetriamine as the
catalyst/ligand. However, grafted polymer weight ratios of “grafted to” and “grafted
from” approaches, in numbers 29.8% and 34.4%, respectively, differed only slightly.
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Figure 6 (A) Nanodiamonds (NDs) were modified with o-methylbenzaldehyde and maleimide end-
functionalized polymers were synthesized. Upon UV irradiation, o-methylbenzaldehydes was transferred
into quinodimethane which underwent Diels—-Alder reactions with the maleimide of the polymers. (B)
Synthesis of ND functionalized with hyperbranched polyglycerol through the ring-opening polymerization
of glycidol. (C) “Grafting to”: Carboxylated NDs were prepared by oxidation with H2SO4 and HNOz and
afterwards, were activated with thionyl chloride followed by an esterification of hydroxyl groups of PEG
chains (1900 Da). “Grafting from”: Hydroxylated NDs were modified using 2-bromoisobutyryl bromide as
initiator. Afterwards, poly(poly(ethylene glycol) methacrylate) chains were polymerized on the ND surface
through atom transfer radical polymerization using Cu(Br)/N,N,N’,N”’,N”’-pentmethyl diethylenetriamine
as the catalyst/ligand. (A) is adapted with permission from Wuest, K. N. R.; Trouillet, V.; Goldmann, A. S.;
Stenzel, M. H.; Barner-Kowollik, C. Polymer Functional Nanodiamonds by Light-Induced Ligation.
Macromolecules 2016, 49 (5), 1712-1721. Copyright (2016) American Chemical Society. (B) is adapted
with permission from Zhao, L.; Takimoto, T.; Ito, M.; Kitagawa, N.; Kimura, T.; Komatsu, N.
Chromatographic Separation of Highly Soluble Diamond Nanoparticles Prepared by Polyglycerol Grafting.
Angew. Chemie Int. Ed. 2011, 50 (6), 1388-1392. Copyright (2011) John Wiley and Sons. (C) is adapted
with permission from Zhang, X.; Fu, C.; Feng, L.; Ji, Y.; Tao, L.; Huang, Q.; Li, S.; Wei, Y. PEGylation and
PolyPEGylation of Nanodiamond. Polymer. 2012, 53 (15), 3178—3184. Copyright (2012) Elsevier.

A common problem of modification is the low number of functional groups which is
presented on the surface of NDs. Therefore, it is very difficult, even with “grafting from”
approaches, to achieve high densities of linear polymers. In addition, a high density of
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polymers is especially important for biomedical applications to prevent unspecific
adsorption of proteins. To overcome this limitation, hyperbranched polymers were
investigated. They seem to be more suitable because even with a small number of
starting points a high density is formed due to the branching of the polymer chains.

Hyperbranched Polymers. Polyglycerol (PG) emerged as a promising candidate for the
modification of NDs and has often been used in literature in the last years.>>%8 PG
possesses a high biocompatibility and hydrophilicity which makes PG a potential
replacement for PEG.®” The group of Komatsu®’ reported the modification of
carboxylated ND with hyperbranched PG by ring-opening polymerization of glycidol for
the first time (see Figure 6B). For this purpose, NDs and glycidol were mixed, sonicated,
and stirred at 140 °C under neutral conditions for 20 h. The carboxylic acid groups as
well as hydroxyl groups served as initiation sites for the polymerization. Free PG which
was formed by self-polymerization was removed by centrifugation. To completely
remove free PG and to narrow down the size distribution of the PG coated NDs, size-
exclusion chromatography was performed. In the following years, PG surfaces were
further modified to enable the attachment of drugs or targeting groups. Carboxylic
groups were introduced by reaction of PG with succinic anhydride.5%%3 After reaction of
the PG with tosyl chloride, a substitution by azido groups was possible enabling easy
click chemistry.®® The azido groups can be reduced to amino groups as well allowing
reaction with activated carboxylic acids such as dyes.® Furthermore, hydrazine
moieties, allowing immobilization and pH-responsive cleavage of drugs, were
introduced.®® The group of Shirakawa® invented a one pot synthesis of PG coating to
produce directly carboxylic acid terminated PG surfaces. Separately, Hsieh et al.
produced alkyne-functionalized PG coated ND in a one pot synthesis.®* As direct
polymerization of glycidyl propargyl ether at the surface of NDs led to strong
aggregation, a thin coating of PG using glycidol was first synthesized. After 2 h of
reaction, glycidyl propargyl ether was added to the mixture forming an additional PG
coating bearing alkyne groups (see Figure 7A). Next to PG, the dendrimer
poly(amidoamine) (PAMAM, 3™ generation, ethylene diamine core) was attached
covalently to NDs.®® PAMAM was added under anhydrous conditions to couple the
primary amines of PAMAM with the acyl chlorides on the surface of activated NDs.®°

Although PG coatings seem to be a prominent coating there are still some limitations
of this approach. So far the coating is very thick which makes application in sensing
difficult. Furthermore, the yield of coated NDs is relatively low because of the
purification steps and the uncontrolled polymerization mechanism.

Non-Classical Polymers. Next to linear and hyperbranched polymers, non-classical
polymers such as polydopamine were also used to coat NDs. Especially in the last two
years, several works reporting dopamine or analogues of dopamine were published
emphasizing the potential of this class of material.”>’> Under mild alkaline conditions
dopamine self-polymerizes into polydopamine on many different surfaces. Zeng et al.”®

27



reported a protocol to form polydopamine coated NDs by mixing and stirring a solution
of dopamine and solution of NDs under mild alkaline conditions (0.01 M Tris buffer,
pH=8.5) for 12 h. Free dopamine and small polydopamine particles, formed by self-
polymerization, were removed by centrifugation. Noteworthy, the thickness of the
polydopamine shell which was formed around the surface of NDs could be controlled by
the concentration of dopamine during the self-polymerization. The dopamine surface
contains many reactive groups including catechol and quinone groups enabling
reactions with thiol or amine groups through Michael addition and/or Schiff base
reactions.’® This allowed further modification of the polydopamine coated NDs using
thiol group end-functionalized single deoxyribonucleic acid (DNA) strands’ or PEG
chains’”® and non-covalent adsorption of dyes’?. Furthermore, the catechol groups
presented at the polydopamine surface are known to reduce metal ions into metal NPs
such as silver ions.”® However, polydopamine is extremely adhesive and often causes
problems with aggregation. Therefore, dopamine analogues were explored too. We”>
showed successfully that L-3,4-dihydroxyphenylalanine (L-DOPA), a dopamine derivative
containing an additional carboxylic acid group, could be used to coat FNDs. The
polymerization of L-DOPA was performed using sodium periodate and Milli-Q water to
avoid buffer salts which can cause problems with aggregation of NDs. The work is
described in detail in chapter 3.4.

Silica. Silica coatings are used often to coat NDs because silica is highly stable over a
range of pH values, chemically inert, optical transparent, and the coating process can be
easily regulated with the possibility to produce porous silica coatings.”® The group of
Neuman’’ produced silica coated FNDs using a liposome-based encapsulation process
(see Figure 7C). A mixture of FNDs and tetraethyl orthosilicate were trapped in multi-
lamellar vesicles. Ultrasonication broke multilamellar vesicles into small unilamellar
vesicles with sizes of around 100 nm in diameter while subsequent conversion of
tetraethyl orthosilicate into silica was catalyzed by triethylamine. The liposome-based
encapsulation process promotes the formation of monodisperse silica-encapsulated
NDs. The group of Rosenholm’® used cetyltrimethylammonium bromide and
tetraethoxy orthosilicate to form a (meso)porous silica shell around FNDs to enable
loading of active compounds. A cross-linked silica shell, using bis(triethoxysilyl)ethane,
bearing a flexible PEG layer was presented by Rehor et al.”. Finally, an ultrathin silica
shell (<1 nm) which was further modified with polymethacrylate copolymers was
synthesized by the same group.&°
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formed. After 2 h of reaction, glycidyl propargyl ether was added to the mixture forming an additional PG
coating bearing alkyne groups. (B) Azide-funcionalized nanodiamonds were prepared to enable copper
free click chemistry with dibenzocyclooctyne (DBCO) modified single DNA strands. Complementary single
DNA strands were hybridized afterwards. (C) FNDs and tetraethyl orthosilicate were trapped in
multilamellar vesicles. Ultrasonication broke multilamellar vesicles into small unilamellar vesicles with
sizes of around 100 nm in diameter. The conversion of tetraethyl orthosilicate into silica was catalyzed by
triethylamine. (D) FNDs, gold nanoparticles, and human serum albumin were mixed, purified by
centrifugation, and finally cross-linked by addition of NHS/EDC. (A) is adapted with permission from Hsieh,
F.-).; Sotoma, S.; Lin, H.-H.; Cheng, C.-Y.; Yu, T.-Y.; Hsieh, C.-L.; Lin, C.-H.; Chang, H.-C. Bioorthogonal
Fluorescent Nanodiamonds for Continuous Long-Term Imaging and Tracking of Membrane Proteins. ACS
Appl. Mater. Interfaces 2019, 11 (22), 19774-19781. Copyright (2019) American Chemical Society. (B) is
adapted with permission from Akiel, R. D.; Zhang, X.; Abeywardana, C.; Stepanov, V.; Qin, P. Z.; Takahashi,
S. Investigating Functional DNA Grafted on Nanodiamond Surface Using Site-Directed Spin Labeling and
Electron Paramagnetic Resonance Spectroscopy. J. Phys. Chem. B 2016, 120 (17), 4003—4008. Copyright
(2016) American Chemical Society. (C) is adapted with permission from Bumb, A.; Sarkar, S. K.; Billington,
N.; Brechbiel, M. W.; Neuman, K. C. Silica Encapsulation of Fluorescent Nanodiamonds for Colloidal
Stability and Facile Surface Functionalization. J. Am. Chem. Soc. 2013, 135 (21), 7815-7818. Copyright
(2013) American Chemical Society. (D) is adapted with permission from Liu, W.; Naydenov, B.;
Chakrabortty, S.; Wuensch, B.; Hibner, K.; Ritz, S.; Coélfen, H.; Barth, H.; Koynov, K.; Qi, H.; et al.
Fluorescent Nanodiamond—Gold Hybrid Particles for Multimodal Optical and Electron Microscopy Cellular
Imaging. Nano Lett. 2016, 16 (10), 6236—6244. Copyright (2016) American Chemical Society.
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Proteins. Proteins are an interesting class of biopolymers because they are
monodisperse and can possess various functions. The group of Weil'’ used human
serum albumin (HSA) to coat NDs and to link them to gold NPs (see Figure 7D). COOH-
terminated gold NPs, HSA, and carboxylated FNDs were mixed and stirred for 4 h. After
adsorption of the gold particles and HSA onto the surface of FND, free HSA was removed
by centrifugation. A solution of EDC and NHS was added to cross-link the amine groups
of HSA with the —COOH groups of the gold NPs and the FNDs to form stable ND-gold
hybrids. The constructs were purified by ultracentrifugation to ensure that only one ND
is bound to several gold NP.Y Transferrin, a protein binding membrane-anchored
transferrin receptors, was connected covalently to carboxylated NDs after activation of
the carboxylic acid groups.818? Streptavidin is often used in nanoarchitecture because it
has four binding pockets for the small molecule biotin with a high binding affinity. To
preserve the quaternary structure of streptavidin, a linker was used to attach the protein
to the surface of NDs. Cordina et al.®? firstly, coupled a PEG linker onto carboxylated
NDs. Afterwards, streptavidin was attached to the free end of the PEG linkers.
Streptavidin coated NDs are highly beneficial because they easily allow to attach
different biotinylated compounds such as polymers®® or gold NPs8. One of the most
interesting class of proteins in modern biomedical applications are antibodies due to
their highly specific binding to antigens. There are not many publications showing direct
modifications of NDs with antibodies probably because the quaternary structure of
antibodies can be easily damaged. Li et al.®> coupled the antibody cetuximab
successfully to carboxylated NDs simply by mixing and stirring a solution of NDs, a
solution of antibodies, and a mixture of EDC/NHS. Afterwards, unbound antibodies were
removed by centrifugation. A similar strategy was also possible for enzymes. Papain or
chymotrypsin were covalently coupled onto the surface of activated NDs.2¢ Noteworthy,
papain or chymotrypsin, which were attached to NDs, retained their enzymatic activity.

Peptides. Next to proteins, also peptides were connected to NDs.8’~23 Mostly
carboxylated NDs were coupled to amine groups of peptides using different kinds of
carbodiimide crosslinker chemistry. These peptides include a bone morphogenetic
protein 2 derived peptide (sequence: KIPKASSVPTELSAISTLYLGGC)®®, an enzymatically
cleavable peptide (sequence: LGRMGLPGK)?®’, a mitochondrial targeting peptide®3, and
a targeting peptide (sequence: DGEA) for a2B1 integrins.®> Furthermore, carboxylated
NDs were modified with polypeptides such as poly-L-arginine.®® The poly-L-arginine
coating enabled to adsorb gold nanorods onto NDs. Finally, the group of Xiao®® grafted
a PEGylated polypeptide onto amine-terminated NDs.

Deoxyribonucleic acid/peptide nucleic acid. DNA became a highly interesting material
in fabrication of nanoarchitecture because it allows highly precise constructions due to
the hybridization of DNA single strands. However, there are very few examples of
covalent modification of NDs with DNA. Dibenzocyclooctyne (DBCO) end-functionalized
single DNA strands were connected to azide-terminated NDs by click chemistry (see
Figure 7B). Afterwards, complementary strands could be hybridized which were
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functionalized with a single electron radical.*® Dopamine coated NDs enabled to attach
single DNA strands which were end-functionalized with a thiol group. In this way, gold
nanorods decorated with complementary DNA strands could be hybridized to the NDs.”°
Peptide nucleic acid (PNA) is closely related to DNA but the backbone is built up of
peptide bonds. Carboxylated NDs were firstly activated using a solution of EDC and NHS
and after removal of the coupling agents, PNA was added to enable the reaction of the
primary amine groups of the N-terminus of PNAs with the activated carboxylic acids of
the surface of NDs.%

Non-Covalent Surface Coatings

Non-covalent modifications of NDs can be divided into two classes of interactions:
electrostatic interactions and hydrophobic interactions.!® Because electrostatic
interactions rely on the charge state of both the surface of NDs and the coating material,
mostly carboxylated NDs and positively charged coating materials are used.
Hydrophobicinteractions describe an apolar interaction of the coating molecule and the
surface of NDs. Here, often small molecules such as hydrophobic drugs are used.

Polymers. Because of the negative surface charge of carboxylated NDs, positively
charged polymers can be used for non-covalent modification. Polyethylenimine (PEI) is
a highly positive charged polymer which is capable of complexing DNA and therefore is
often used to coat NDs.%~*° A solution of NDs was mixed with a solution of PEI (800 Da)
and the mixture was stirred before free PEl was removed by centrifugation to form PEI
coated NDs.%®%%%° Single chain NPs prepared by glycopoylmers can be used to coat NDs
as well.% Glycopolymers were produced by RAFT polymerization and NPs were formed
by light-induced single chain cross-linking. Afterwards, these NPs were adsorbed onto
the surface of NDs by interaction of hydrogen bonds and carboxylic acid groups as
proposed.t® Lee et al.1%! synthesized a copolymer containing a hydrophilic PEG block
and a mixed cationic—hydrophobic block (2-(dimethylamino)ethyl methacrylate-co-butyl
methacrylate) to coat NDs by non-covalent adsorption.

Proteins. Next to synthetic polymers, biopolymers like proteins are ideal candidates
because they tend to adsorb to surfaces easily. The adsorption of proteins to the surface
of NDs includes many kinds of interactions: electrostatic, hydrophobic, hydrogen
bonding, and van der Waals interactions.®? Some of the proteins, among them bovine
serum albumin (BSA) and myoglobin, are known to form a thin monolayer coating
around the NDs due to the strong protein surface interaction.'?® The process of how NDs
are coated with proteins by non-covalent adsorption is very simple and similar
throughout the whole literature. Thus, it will not be discussed in detail for each
publication but a general description will be given instead. Usually, a solution of NDs and
a solution of proteins were mixed and stirred at 4 °C or room temperature for a few
hours up to overnight depending on the literature. Afterwards, unbound proteins were
removed by centrifugation to give protein-coated NDs. There are different strategies
why proteins are a beneficial coating material for NDs. Firstly, proteins can function as
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a structural material to prevent aggregation of NDs and increase their colloidal stability.
Often members of the albumin family, a highly robust class of proteins, were used for
these purposes such as HSA01104 BSA102103,105106  gnd g-lactalbumin'®. Secondly,
proteins were also used because of their functional properties and many proteins were
explored from families of signaling proteins (carbohydrate-modified BSA'%, horse heart

103 107 basic fibroblast growth factori®?,

myoglobin'®®, bone morphogenetic proteins
recombinant viral envelope proteini®), storage proteins (ferritinl®®), enzymes
(lysozyme???, luciferase!’?), and antibodies (cetuximab'?!, transforming growth factor B

antibody!*?).

The group of Weil*'3-116 developed a protein-based copolymer to coat NDs which was
successfully applied in various fields including drug delivery!®, correlative
microscopy'*4, DNA-origami'!3, and crossing of the blood—brain barrier (BBB)!®. In this
system, based on BSA or HSA, proteins were first cationized by transferring all negatively
charged amino acid side chain groups into positively charged groups to increase the
electrostatic interaction with the negatively charged surface of NDs (see Figure 20,
Figure 22). Afterwards, PEG chains were attached to proteins to improve the colloidal
stability. Finally, protein—PEG conjugates were denatured to increase the flexibility and
exposure of the protein backbone. For drug delivery applications, doxorubicin (DOX) was
attached to the cysteines of the proteins via a pH-responsive hydrazone linker. Coated
NDs were prepared by mixing diluted solutions of NDs and copolymers in either Milli-Q
water or boric acid buffer (20 mM, pH 8.4) and stirring at room temperature overnight.
Afterwards, free copolymers were removed by centrifugation from the coated NDs. This
design is further discussed in the chapters 3.1 and 3.2.

Peptides. Although it seems to be much more common to attach peptides covalently
to the surface of NDs, there are also a few examples of non-covalent adsorption of
peptides. Similar to the adsorption of proteins, insulin was adsorbed to the surface of
carboxylated NDs just by mixing and stirring a solution of NDs and a solution of
insulin.103117 Afterwards, free insulin was removed by centrifugation. The same strategy
was also used to coat carboxylated NDs with a peptide containing a trans-activator of
transcription (TAT) and a nuclear localization signal (NLS) unit (see Figure 8B).!'8
Morales-Zavala et al.*'® used a bi-functional peptide to coat NDs successfully. The
peptide was composed of two segments: The first segment contains seven units of
arginine and therefore possess a highly positive net charge which facilitates an
interaction with the carboxylated surface of NDs (see Figure 8A). The second segment
(sequence: CLPFFD) was able to recognize amyloid B aggregates. After coating NDs, the
positive charged segment of the peptides was facing to and interacting with the surface
of the NDs while the bioactive segment was facing to the surrounding.
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Figure 8 (A) Nanodiamonds (NDs) were coated by a peptide which was composed of two segments: The
first segment contains seven units of arginine and therefore possess a highly positive net charge which
facilitates an interaction with the carboxylated surface of NDs. The second segment (sequence: CLPFFD)
was able to recognize amyloid B aggregates. (B) NDs were oxidized and coated with a peptide which was
composed of a trans-activator of transcription and a nuclear localization signal sequence. Finally, nucleic
acid chains were adsorbed onto the NDs. (C) Different phospholipids were used to coat NDs. The biotin
end-group allowed further modification using streptavidin as a linker. (A) is adapted with permission from
Morales-Zavala, F.; Casanova-Morales, N.; Gonzalez, R. B.; Chandia-Cristi, A.; Estrada, L. D.; Alvizu, |.;
Waselowski, V.; Guzman, F.; Guerrero, S.; Oyarzun-Olave, M.; et al. Functionalization of Stable Fluorescent
Nanodiamonds towards Reliable Detection of Biomarkers for Alzheimer’s Disease. J. Nanobiotechnology
2018, 16 (1), 1-14. Published by BioMed Central. (B) is adapted with permission from Leung, H. M.; Chan,
M. S.; Liu, L. S.; Wong, S. W.; Lo, T. W.; Lau, C.-H.; Tin, C.; Lo, P. K. Dual-Function, Cationic, Peptide-Coated
Nanodiamond Systems: Facilitating Nuclear-Targeting Delivery for Enhanced Gene Therapy Applications.
ACS Sustain. Chem. Eng. 2018, 6 (8), 9671-9681. Copyright (2018) American Chemical Society. (C) is
adapted with permission from Hsieh, F.-).; Chen, Y.-W.; Huang, Y.-K.; Lee, H.-M.; Lin, C.-H.; Chang, H.-C.
Correlative Light-Electron Microscopy of Lipid-Encapsulated Fluorescent Nanodiamonds for Nanometric
Localization of Cell Surface Antigens. Anal. Chem. 2018, 90 (3), 1566—1571. Copyright (2018) American
Chemical Society.

Deoxyribonucleic acid/ribonucleic acid. While covalent conjugation of DNA strands to
the surface of NDs is mostly used to design specific nanoarchitectures, non-covalent
adsorption of DNA/ribonucleic acid (RNA) single- or double-strands are mostly applied
in the field of gene delivery. The group of Arnault*® used hydrogenated NDs to adsorb
small interfering RNA (siRNA) successfully. Hydrogenated NDs have the advantage that
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their surface is positively charged and therefore able to interact with the negatively
charged RNA. However, the usage of hydrogenated NDs is uncommon because the
functionalization is challenging. Instead carboxylated NDs are used much more often.
Because DNA/RNA is highly negatively charged, carboxlyated NDs were pre-coated with
positively charged substances to enable adsorption of RNA/DNA strands. The procedure
of coating NDs with DNA/RNA is very similar throughout the literature, hence in the
following there is a general description given followed by examples of positive pre-
coating materials as well as DNA/RNA from the literature. Carboxylated NDs were either
covalently or non-covalently modified with a positively charged material. Positively
charged materials include small molecules (lysine*29121), polymers (PEI800°%°%9%:122 and
polyglycerol'?®), dendrimers (PAMAM®), proteins (BSA-PEG copolymer!®3), and
peptides (TAT-NLS!'8, see Figure 8B). A solution of pre-coated NDs and a solution of
DNA/RNA were mixed and shaken or sonicated for 0.5 to 2 h. Different types of
DNA/RNA which were adsorbed onto the pre-coated surface of NDs cover siRNA*36%120,
antisense RNA®>122, single-strand DNA318  double-strand DNA%, and plasmid
DNA%6120123 " Eyrthermore, a layer-by-layer method to attach microRNA to NDs was
introduced by the group of Sheng.1?4

Lipid Bilayer. Another less popular coating method of NDs are lipid bilayers.12>-1%7

Hsieh et al.1?>1%¢ developed a lipid coating by adding a solution of lipids in an organic
solvent miscible directly into an aqueous solution of carboxylated NDs (see Figure 8C).
Afterwards, the organic solvent was removed by rotary evaporation. Using biotinylated
phospholipids allowed further modification by streptavidin linkers. Vavra et al.'?’ used
another strategy to prepare a self-assembled phospholipid bilayer, the so-called
supported lipid bilayer. This technique forms a uniform lipid shell in comparison to the
method developed by Hsieh et al.1?. Firstly, NDs were functionalized with a 4-5 nm thick

silica shell. Afterwards, the phospholipid bilayer was formed using a microfluidic device.
127

Hydrophobic Interaction. The last class of non-covalent interactions are hydrophobic
interactions which were mainly used to adsorb hydrophobic drugs directly onto the
lipophilic surface of NDs. There is an enormous number of publications reporting
adsorption of small molecules including drugs such as DOX, epirubicin, daunorubicin,
mitoxantrone, paclitaxel or cis-platin®. All these small molecular drugs cannot be
discussed here in detail but are nicely summarized in a review by Lai et al.’®.
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1.6 Biomedical Applications

NDs are interesting candidates for biomedical applications because their
fluorescence, which shows no bleaching, is ideal for tracing the delivery of active
compounds, such as drugs or genes. Furthermore, NDs have been successfully applied
for photothermal and photodynamic therapy. After a detailed discussion about the
biocompatibility of NDs, a major requisite for biomedical applications, delivery of drugs
and genes as well as photothermal and photodynamic applications are described.

Biocompatibility

As many applications aim at in vitro or in vivo usage, the biocompatibility of NDs is an
important parameter. The core of NDs is composed of almost only carbon and is
chemically inert. Therefore, there is no risk of cytotoxicity caused by the core. However,
in contrast to the core, the surface of NDs is chemically complicated and can contain
various reactive groups as well as metal impurities which could cause toxicity. In general,
it is very difficult to make a statement about the biocompatibility of NDs because the
toxicity depends highly on the present surface of the NDs. For example, NDs which were
bought and used as-received often showed a higher toxicity compared to NDs which
were bought and further oxidized by the customers.?° Mainly, this might be due to metal
impurities or remaining sp? carbon which can increase the toxicity.”® Therefore, proper
purification of the surface of NDs is highly crucial. Furthermore, the synthesis rout of
NDs also influences the cytotoxicity. For instance, the average NDs produced by HPHT
possess a better biocompatibility compared to NDs synthesized by detonation.'?® Next
to this, applying NDs at high concentrations showed toxicity as well. An increased level
of apoptosis was observed at concentrations of 200—1000 pg/ml of NDs. In contrast, a
concentration below 50 pg/ml of NDs showed no evident toxicity.?’ Immunotoxicity,
indicated by an increased secretion of chemokines and cytokines, was studied using NDs
in many different cell types. For instance, mesenchymal stem cells which were incubated
with carboxylated NDs did not alter secretion of cytokines, chemokines, and growth
factors.?? Furthermore, the oxidative stress level of cells caused by NDs was
investigated. For example, no signs of oxidative stress have been observed in
neuroblastoma cells, macrophages, keratinocytes, and PC-12 cells.?° The cell division
and differentiation was not altered after applying NDs to 3T3-L1 embryonic fibroblasts,
neuron cells derived from embryonal carcinoma stem cells, and C. elegans.”® Nontoxicity
of NDs was evaluated in zebra fish embryo.'?® Only higher concentrations of NDs
(>1 mg/ml) effected the early developmental states of the embryo. Another risk for in
vivo application is induced-toxicity by the accumulation of NDs in organs especially
because NDs are not biodegradable. Biodistribution of NDs in vivo showed mostly
accumulation of NDs in liver lung tissues after 2 h. Zhang et al.*® reported an
inflammatory response in the lung. Furthermore, Yuan et al.*3! showed accumulation of
NDs in murine lung and liver for at least up to 28 days. These NDs mostly accumulated
in macrophages in the liver, maybe captured by the reticuloendothelial system. There
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are not much data on excretion of NDs. In rats, excretion of NDs took place over the
urinary tract.1?8

In summary, it remains difficult to make a general statement about the
biocompatibility of NDs because NDs occur in different shapes and sizes which
complicates comparisons in the literature. Furthermore, batch-to-batch variations
influence the toxicity as well. However, NDs seem to be more biocompatible compared
to other carbon nanomaterials!32133 or semiconductor QDs!34.

Drug Delivery

The therapeutic effect of hydrophobic drugs is often limited by their poor stability
and solubility. To overcome the insolubility, hydrophobic drugs are attached or loaded
onto NPs. In addition, due to the bigger size of NPs, these systems possess often a longer
circulation time in vivo and benefit from the enhanced permeability and retention (EPR)
effect. Non-fluorescent NDs were used in preliminary studies for drug delivery mainly
by non-covalent adsorption of the drug molecule onto the surface of NDs.3>13¢ For this
purpose, negatively charged NDs were mixed with positively charged DOX and DOX-ND
composites (NDX) were precipitated by addition of NaCl. The Cl" ions were substantial
for the drug loading. Without NaCl, a drug loading of only 0.5 wt% of DOX was observed
whereas in presence of NaCl, over 10 wt% adsorption of DOX onto the NDs was
achieved.'®> Release of the DOX from the NDs was achieved by desalination. NDXs were
incorporated successfully into murine macrophages as well as human colorectal
carcinoma cells and showed slow and sustained DOX release.'> In vivo, the NDX
complex showed increased apoptosis and tumor growth inhibition in murine liver tumor
and mammary carcinoma models compared to conventional DOX.13¢

With improvement of the ND quality and especially the defect centers, FNDs became
highly attractive for drug delivery applications because they also facilitate imaging in
conjugation with therapy.'® FNDs are especially interesting for tracing drug delivery
because they possess a fluorescence without bleaching combined with tunable sizes in
the “nano”-regime and a very high carrier stability. There are various publications about
drug delivery and imaging using FNDs. Therefore, only a selection will be discussed in
this chapter. The group of Weil'*> developed a protein-based copolymer coating for
FNDs which allowed a pH-responsive cleavage of DOX (see Figure 9A). HSA was
cationized by transferring all negative charges into positives by reacting with ethylene
diamine and statistical PEGylation using NHS activated PEG (MW=2000 Da). Afterwards,
the protein was denatured and the disulfide bridges were reduced to attach maleimide
functionalized DOX via Michael addition reactions. DOX was linked to the maleimide
through a hydrazone bond which allowed cleavage and drug release in an acidic
environment. Carboxylated FNDs were simply coated by non-covalent adsorption of the
protein due to its positive charges and by hydrophobic interactions of the lipophilic
domains of the protein. Through this method, around 80 nm sized coated FNDs were
received which were stable in various buffer systems. A lysosomal mimicking
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environment revealed a drug release of 70% after 24 h following a two-step procedure.
Firstly, the protein backbone was partly degraded by proteases and secondly, the drug
was released by pH-induced cleavage of the hydrazone bond. Furthermore, the DOX
release was studied by confocal laser scanning microscopy (CLSM) in vitro (see Figure
9B). Interestingly, DOX signals were found in endosomes, cytosol, and nuclear, while
FND signals were only found in endosomes indicating the release and escape of DOX in
the endosome (see Figure 9C—E). Confocal studies strongly benefited from the fact that
the fluorescence of FNDs does not bleach in contrast to DOX. Therefore, it was possible
to distinguish between the fluorescence of FNDs and DOX. Finally, the coated FNDs
revealed antitumor efficacy in a human breast cancer xenograft model. The cancer
xenograft viability as well as the tumor growth were significantly decreased compared
to conventional DOX.
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Figure 9 (A) lllustration of the drug release inside endosomes due to the acidic environment. (B) Confocal
image of fluorescent nanodiamonds inside A549 cells. (C) Fluorescence intensity spectra of the area in
circle 1 in (B) which captured an endosome. After laser bleaching of the fluorescence of doxorubicin, the
characteristic fluorescence intensity spectrum of FNDs remained. This indicated the presence of FNDs in
the endosome. (D) Fluorescence intensity spectra of circle 2 and 3 in (B) showing only a typical spectra of
doxorubicin. This indicates that in the cytosol (circle 2) and nucleus (circle 3) only free doxorubicin is
present. (E) Subtraction of the FND typical spectrum from the original spectrum of circle 1 showed a
typical spectrum of doxorubicin which matches with the spectrum of circle 2. (A)—(E) are adapted with
permission from Wu, Y.; Ermakova, A.; Liu, W.; Pramanik, G.; Vu, T. M.; Kurz, A.; McGuinness, L.;
Naydenov, B.; Hafner, S.; Reuter, R.; et al. Programmable Biopolymers for Advancing Biomedical
Applications of Fluorescent Nanodiamonds. Adv. Funct. Mater. 2015, 25 (42), 6576—6585. Copyright
(2015) John Wiley and Sons.

PG-coated FNDs too were used for various drug delivery applications. A particularly
interesting system combined drugs and targeting groups was composed of RGD as a
targeting unit and either DOX®2%¢ or cisplatin® as drug (see Figure 10A+B). In the first
step, PG coating was prepared by ring-opening polymerization of glycidol. To introduce
RGD peptides, some hydroxyl groups of PG were transferred into azide groups using
tosyl chloride followed by substitution of the tosylates with azido groups. RGD propiolic
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amide was attached by Cu(ll) catalyzed click chemistry. To introduce DOX, a pH cleavable
hydrazine moiety was synthesized. Thereafter, bis(4-nitrophenyl) carbonate reacted
with the hydroxyl groups of the PG and after the formation of p-nitrobenzoate, the p-
nitrophenyl group was substituted by hydrazine. Finally, DOX was attached under
formation of a hydrazone bond.¢ Under acidic conditions (pH 5.0), a drug release of 63%
was shown. In vitro, the PG coating hindered unspecific uptake of NDs into A549 tumor
cells and U937 macrophages which is an important prerequisite for targeted delivery.
The RGD units target the integrin receptor a,Bs which is overexpressed in many tumor
cell types. RGD modified PG-coated NDs showed increased uptake into A549 (integrin
receptor a,Bs3 positive) and no difference in uptake into U937 macrophages (integrin
receptor a,B3 negative) compared to NDs without RGD. Consequently, after incubating
cells with DOX attached to NDs, A549 showed almost no cytotoxic effect in the absence
of RGD but a strong cytotoxicity in the presence of RGD while U937 macrophages
showed no cytotoxicity with or without RGD (see Figure 10C+D). In another study, the
same material was used to investigate a dendritic cell-mediated delivery system to
stimulate glioblastoma cell immunogenicity.®? Recently, in a deeper study was shown,
that stimulation of glioblastoma cell immunogenicity was achieved by activation of
autophagy induced by PG-coated FNDs connected to DOX.>?

HO NH
NH, H N-
A M0 B “"HN
o]} ) \ o
HO i © NHg
HO — o]
[ { O-CHy NH HN O
o 0, ) ¢ HN-- 1L 8 AN
.2' :\c,\\ HO 4. N o~ N o COOH
rS e Lyow HN_ N1 A 4 5 N 9 o
85 0‘%{ oH ? N 08 ¥ NyoH e
o é«ou 8L 00 g \ﬁ i SR
}3.? b3 *5\{ n J;N\)yn o ._?,3..?—087@ c-o{ A [0 S S,
o NH 0 &P \ =il o 09 /
A () OH O HN e COw% Y O 2./
4 A\ NHHN &0 :0\/\/0‘\-./\/\0 /
i S £ 2 ’
<
dND-PG-RGD-DOX oo ND-PG-RGD-Pt
C A549 48h D U937 48h
g 120 “ :\; 120
<3 100 S5 1 . S
g T s e cam s
28 e0 23 s -
5o ‘ %'
o 601 )
§9 ~o- DOX §8 %o oox
3% 40 ND-PG-R SE 40
28 5 -8 dND-PG-RGD-DOX § Q - £+ dND-PG-RGD-DOX
xg —a— dND-PG- ®
: ‘ - dND-PG-DOX ® 8 207_, 4ND-PG-DOX
2 2 —- ©
0 025 05 1 2 4 0 0.25 0.5 1 2 4

Concentration (ug/mL) Concentration (pg/mL)

Figure 10 (A) Scheme of a polyglycerol coated nanodiamond (ND) which was functionalized with
doxorubicin and cyclic RGD. (B) Scheme of a polyglycerol coated ND which was functionalized with
cisplatin and cyclic RGD. (C) A549 (integrin receptor avBs positive) showed an enhanced cytotoxic effect
after applying NDs with cyclic RGD. (D) U937 macrophages (integrin receptor avfs negative) showed no
cytotoxic effect for NDs with or without cyclic RGD. (A)+(C)+(D) are adapted with permission from Zhao,
L.; Xu, Y.-H.; Akasaka, T.; Abe, S.; Komatsu, N.; Watari, F.; Chen, X. Polyglycerol-Coated Nanodiamond as
a Macrophage-Evading Platform for Selective Drug Delivery in Cancer Cells. Biomaterials 2014, 35 (20),
5393-5406. Copyright (2014) Elsevier. (B) is adapted with permission from Zhao, L.; Xu, Y. H.; Qin, H.; Abe,
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S.; Akasaka, T.; Chano, T.; Watari, F.; Kimura, T.; Komatsu, N.; Chen, X. Platinum on Nanodiamond: A
Promising Prodrug Conjugated with Stealth Polyglycerol, Targeting Peptide and Acid-Responsive
Antitumor Drug. Adv. Funct. Mater. 2014, 24 (34), 5348-5357. Copyright (2014) John Wiley and Sons.

Based on the PG-coated NDs, a system for delivery of cisplatin, a chemotherapy
medication, was invented.®? To introduce cisplatin, carboxylic acid groups were created
by nucleophilic ring-opening of succinic anhydride. Afterwards, cis-(NHs3),Pt(Il) moiety
was immobilized through ligand exchange to form coated FNDs with a size of 64 nm.
Under acidic conditions, the platinum was released two times faster than at pH 7.4.
Further addition of RGD allowed specific uptake into U87MG cells but not into Hela cells.
Finally, the cytotoxic effect was investigated in U87MG cells which was comparable to
free cisplatin.®3

FNDs connected to the drug paclitaxel and the antibody cetuximab were designed to
target epidermal growth factor receptor (EGFR)-positive triple-negative breast cancer
(TNBC) cells.’'! Paclitaxel-2’-succinate, a paclitaxel derivative containing a free
carboxylic acid group, was covalently coupled to amine-terminated FNDs.**® Paclitaxel-
2’-succinate contains an ester which is pH-responsive and allows release of paclitaxel
under acidic conditions.!3® Afterwards, cetuximab, an antibody binding EGFR, was
attached to the surface of FNDs by non-covalent adsorption.!! The complex was tested
in various breast cancer tumor cell types and showed targeted delivery only in EGFR
positive (MDA-MB-231) but not EGFR negative (MCF-7) tumor cell lines. In vitro, FNDs
with cetuximab showed a significant induced apoptosis level of MDA-MB-231 cells
compared to FNDs without cetuximab or the control. Finally, the MDA-MB-231 tumor
inhibition in vivo was most enhanced after treatment using FNDs coated with cetuximab
compared to FNDs without cetuximab or the control.!!?
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Figure 11 Reaction rout to form nanodiamonds (ND) coated with block copolymers or statistical
copolymers containing the drug gemcitabine. Adapted with permission from Lai, H.; Lu, M.; Lu, H.; Stenzel,
M. H.; Xiao, P. PH-Triggered Release of Gemcitabine from Polymer Coated Nanodiamonds Fabricated by
RAFT Polymerization and Copper Free Click Chemistry. Polym. Chem. 2016, 7 (40), 6220-6230. Copyright
(2016) The Royal Society of Chemistry.

Carboxylated FNDs were successfully functionalized with a mitochondrial localizing
sequence (MLS) peptide as well as folic acid for delivery of DOX.>® To achieve this,

39



carboxylated FNDs were activated by EDC/Sulfo-NHS and coupled to the amine groups
of MLS peptides and PEGylated folic acids. Afterwards, DOX was physically adsorbed to
the surface of FNDs. These constructs showed strong uptake into HeLa and MCF-7 cells
due to folic acid receptor-mediated endocytosis and were selectively localized in
mitochondria. FNDs lacking the MLS peptide were only localized in lysosomes. After
adsorption of DOX, a significantly improved cytotoxicity of MCF-7/ADR cells was
revealed compared to free DOX. MCF-7/ADR cells possess a transporter protein which
pumps free DOX, located intracellular, out of the cell and hinders DOX to reach the
nucleus. MLS peptide-modified FNDs loaded with DOX were transported into
mitochondria where DOX was released and caused cell death.

Gemcitabine was attached to FNDs functionalized with polymers to improve the ICso
value in AsPC-1 cells, a human pancreas adenocarcinoma, as well as to trace the drug
delivery.® The prodrug gemcitabine is intracellular converted by deoxycytidine kinase
into its therapeutically active metabolites but applications are often hindered by the
short half-life during blood circulation. The life-time can be improved by attaching
gemcitabine to a polymer backbone. To allow RAFT polymerization, gemcitabine was
connected to a polymerizable unit via an acid sensitive bifunctional silyl ether linker. The
acid sensitive linker allowed drug release under acidic conditions. Next to the drug, oligo
ethylene glycol methyl ether acrylate was used as a co-monomer and block copolymers
as well as statistical copolymers were synthesized (see Figure 11). The polymers were
end-functionalized with a DBCO group which allowed to graft the polymers onto the
surface of azide-terminated FNDs by copper free click-chemistry. However, in vitro
experiments revealed that block copolymer polymers do not behave noticeably
different to the statistical polymers regarding cytotoxicity which was only in the same
range as for free gemcitabine.>!

FNDs functionalized with transferrin and DOX were synthesized to induce clathrin-
dependent and transferrin receptor-mediate endocytosis.®? Firstly, transferrin was
mixed with DOX to form transferrin-DOX complexes. Afterwards, carboxlyated FNDs
were activated using EDC/NHS chemistry and after purification, the transferrin-DOX
complexes were covalently attached to the surface of FNDs. However, it is very likely
that next to the covalently bound monolayer of transferrin-DOX further layers of
transferrin-DOX were formed by non-covalent, physical adsorption. The final construct
had an average size of 235 nm. The construct was strongly uptaken into cells expressing
the transferrin receptor such as Hela and HepG2. The uptake could be reduced by
blocking the receptor with free transferrin or using cells (HEK293) which express a low
level of receptors. Consequently, the complex showed a higher cytotoxicity in cells
expressing more transferrin receptors. However, in vivo, no difference in the inhibition
of the tumor growth was measured of mice treated with free DOX or the construct
indicating the absence of the targeting effect. Most probably, a protein corona was
formed in vivo, shielded the transferrin coating and hindered the interaction of
transferrin with the transferrin receptor.®?
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In summary, in the beginning NDs were used as drug carriers by absorption of
hydrophobic drugs onto the surface of NDs. However, simple absorption causes the risk
of uncontrolled leaking of drugs during in vivo applications. Therefore, in the past years,
drugs and targeting groups were mainly attached to the coating materials of FNDs, while
FNDs functioned as imaging probes. On this basis, FNDs are not good drug carrier
regarding loading of drugs but due to their fluorescence, which shows no bleaching,
FNDs are perfect imaging probes for tracing drug delivery. Targeted delivery of coated
FNDs was shown for several different cell lines as well as intracellular. Next to tracing of
drug delivery, FNDs also offer the potential to function as sensors of drug release in
future.

Gene Delivery

As it has been already discussed in chapter 1.5, most of the DNA/RNA delivery
systems are composed of a FND core coated with a positive material which can further
condensate DNA/RNA. The positively charged polymer PEI (800 Da) is used most often
in literature.’®9899.122 Coating of carboxylated FNDs was achieved by mixing and stirring
a solution of FNDs and a solution of PEl. After purification, DNA/RNA was added and
physically adsorbed onto the PEl-coated NDs. Ho et al.°® adsorbed luciferase plasmids
or GFP plasmids onto PEl (800 Da)-coated NDs to transfect cells. These constructs
revealed a high uptake and a good biocompatibility in HelLa cells. Furthermore, these
constructs showed the highest transfection rate for luciferase and GFP in Hela cells
compared to systems where the plasmids were adsorbed to only PEIl, amine-terminated
NDs, or carboxylated NDs.%® The group of Benson used PEl-coated FNDs to transport
antisense RNA into cancer cells.®®1?? Inside the cells, the antisense RNA was released
and inhibited oncogenic microRNA. Successful knockdown of microRNA-135b in
mammary carcinoma was shown in 3D organoids as well as in vivo.%

A layer-by-layer hybrid system was invented by the group of Sheng!?* to deliver
microRNA into TNBC cells. Carboxylated FNDs were non-covalently coated with one
layer of positively charged protamine sulfate firstly. After purification, microRNA (miR-
34a) was physically adsorbed to form a second layer. Protamine sulfate was added to
form a third layer. Finally, folic acid was physically adsorbed. The different layers were
characterized by zeta-potential measurements due to the opposite charges of the
coating materials. The final construct had a size of around 200 nm in diameter. miR-34a
has been identified as a tumor suppressor which is dramatically downregulated in TNBC
cells. The construct showed a high uptake in MDA-MB-231 cells, a TNBC cell line. In
contrast to untreated cells, the treated cells showed an increased level of miR-34a as
well as a reduction of the expression of the target gene, Fra-1. These results were
confirmed in a MDA-MB-231 xenograft mouse model which also revealed an inhibited

tumor growth compared to control groups.1?4
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Figure 12 Fluorescence nanodiamonds (FNDs) coated with a peptide containing a TAT and a NLS sequence
showed uptake into the nucleus of (A) MCF-7 and (B) Hela cells. Scale bar = 10 um. (C) FND clusters
revealed a photothermal effect upon irradiation with a laser beam (808 nm, 2 W/cm?). (D) FND clusters
showed successful photothermal applications in vitro with spatial control by adjusting the laser beam
diameter (circle). (A)+(B) are adapted with permission from Leung, H. M.; Chan, M. S.; Liu, L. S.; Wong, S.
W.; Lo, T. W.; Lau, C.-H.; Tin, C.; Lo, P. K. Dual-Function, Cationic, Peptide-Coated Nanodiamond Systems:
Facilitating Nuclear-Targeting Delivery for Enhanced Gene Therapy Applications. ACS Sustain. Chem. Eng.
2018, 6 (8), 9671-9681. Copyright (2018) American Chemical Society. (C)+(D) are adapted with permission
from Ryu, T.-K.; Baek, S. W.; Kang, R. H.; Choi, S.-W. Selective Photothermal Tumor Therapy Using
Nanodiamond-Based Nanoclusters with Folic Acid. Adv. Funct. Mater. 2016, 26 (35), 6428-6436.
Copyright (2016) John Wiley and Sons.

Delivery of antisense oligonucleotides into the nucleus using a FND system was
shown by the group of Lo!*®. Carboxylated FNDs were non-covalently coated with a
peptide containing a TAT and a NLS segment. After purification, antisense
oligonucleotide ANA4625 was loaded by physical adsorption to form the final construct
with a size of around 280 nm. In cells, this antisense oligonucleotide causes suppression
of target bcl-2 and bcl-xL mRNA/protein expressions and induces cell apoptosis. Due to
the TAT and NLS sequences, the constructs were located in the nucleus of MCF-7 and
Hela cells (see Figure 12A+B). However, the transport into nucleus was only successful
for smaller FNDs. Compared to gene silencing in the cytoplasm, the antisense activity of
ANA 4625 was much stronger in MCF-7 cells for the construct which was transported

into the nucleus.1®
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Photothermal and Photodynamic Therapy

Photothermal therapy is based on the effect that the energy of absorbed photons by
a material is not released by emission of light but by production of heat (by emission of
phonons).'3° Due to their huge Stokes shift, FNDs might be assumed as good materials
for photothermal therapies. However, so far only one publication reported a sufficient
photothermal effect of bare FND nanoclusters.’® These FND nanoclusters were
prepared using a fluidic device and an acetone and a water phase.*! After only 5 min of
irradiation (808 nm, 2 W/cm?), an increase in temperature of around 25°C was
discovered at a very low concentration of FND nanoclusters (10 pg/ml, see Figure 12C).
Furthermore, these nanoclusters showed effective killing of cells in vitro (see Figure 12D)
as well as a therapeutic effect in vivo.'*® For individual FNDs, only very weak
photothermal effects are reported which are insufficient for biomedical
applications.”>”> Hence, these FNDs were further functionalized with dopamine/L-DOPA
and indocyanine green (ICG)’%7>, chlorin e6'#?, or polyaniline'*® to amplify the effect.
The group of Mréwczynski’> designed a system composed of FNDs coated by a
polydopamine shell which allowed further loading of ICG by physical adsorption. After
irradiation (808 nm laser, 2 W), FNDs coated with polydopamine revealed an increase in
temperature of 25 °C (without ICG) or 50 °C (with ICG) compared to bare FNDs (5 °C). In
vitro, the ICG loaded polydopamine-coated FNDs showed a moderate cytotoxicity and
demonstrated spatial control due to the focus of the laser beam.”?> We contributed to
the field of photothermal therapy by inventing a system based on FNDs which were
coated by poly(L-DOPA), transferrin, and ICG.”> This work will be elaborated in chapter
3.4.

In contrast to photothermal effects, photodynamic therapy requires a photo-
sensitizer which generates cytotoxic reactive oxygen species (singlet oxygen, 0,) after
irradiation. To achieve this, NDs were connected to chlorin €6*?, periodic mesoporous
organosilica’®, or BODIPY-phthalocyanines!*. For example, chlorin €6, from
“chlorophyll a”, is a typical photosensitizer but the use has been limited due to its
intrinsic hydrophobicity.!*> Therefore, phase-change material NPs were synthesized
containing chlorin e6 and NDs. These NPs show both, a photodynamic effect caused by
the chlorin e6 and a photothermal effect due to the NDs. Furthermore, the

photothermal effect induced a controlled release of chlorin e6 from the NPs.'#?
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1.7 Imaging

Imaging methods have become powerful tools over the last decades allowing
investigations of cellular processes up to diagnostics in a whole human body depending
on the applied technique. These different imaging techniques require specific imaging
probes. For example, while electron microscopy (EM) needs probes with a dense
structure which can scatter electrons, fluorescence microscopy requires probes which
can absorb and emit light. However, often imaging probes only fit for one technique.
Due to its special optical features, FNDs are promising candidates for various imaging
methods. The dense carbon lattice of NDs enables EM in cells and Raman imaging in
cells and organisms. The NV centers of FNDs, which do not bleach, are ideal for tracking
and super-resolution microscopy in cells and for ODMR imaging in organisms.
Furthermore, the use of other defect centers enables photoacoustic imaging in
organisms. The potential of hyperpolarization might allow magnetic resonance imaging
(MRI) in future. In this chapter, different imaging techniques are discussed in detail.

Comparison to Other Optical Particles and Organic Dyes

Before the details of imaging using FNDs are discussed, it is of interest to compare
FNDs to other existing optical particles or small organic dyes. One emerging class of
optical particles are QDs. As mentioned in chapter 1.2, the fluorescence of FNDs
originates from defect centers in the crystal lattice. Therefore, the emission wavelength
is independent of the size of FNDs and the brightness depends on the number of color
centers located inside the crystal lattice. Consequently, larger FNDs are usually brighter
because they possess more defect centers. However, the emission wavelength can be
tuned by using different color centers. In contrast, QDs show a size-dependent change
in the emission wavelength. Furthermore, QDs are blinking which is not the case for
FNDs. The brightness of QDs is usually much higher than the brightness of FNDs.#

The group of Gipson'?® studied the brightness and photostability of red or near-IR
fluorescent nanomaterials in detail. For their comparison, FNDs of a size of 120 nm were
used. Compared to small organic dye such as Alexa 647 or QDs, FNDs do not possess a
high mass based brightness which is not surprisingly because FNDs consists of mainly
carbon atoms which are not contributing to the fluorescence (see Figure 13A). However,
comparing the molar brightness, FNDs and fluorescent beads, which are fluorescent
dyes embedded in a polymer or silica matrix, are showing the highest values (see Figure
13B). That the fluorescence cannot be bleached is an outstanding property of FNDs,
which is highly attractive for tracking. As depicted in Figure 13C, most of the other
materials showed strong bleaching after only a few minutes under continuous laser
illumination. QDs were bleached after 25 min but only FNDs and nanorubies showed no

bleaching.4®
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Figure 13 (A) Comparison of the relative brightness and the mass based brightness of different optical
materials. (B) Comparison of the relative brightness and the molar brightness of different optical
materials. (C) Comparison of the quenching behavior of different optical materials up to 7 min of
irradiation. (A)—(C) are adapted with permission from Reineck, P.; Francis, A.; Orth, A.; Lau, D. W. M.;
Nixon-Luke, R. D. V.; Rastogi, |. Das; Razali, W. A. W.; Cordina, N. M.; Parker, L. M.; Sreenivasan, V. K. A.;
et al. Brightness and Photostability of Emerging Red and Near-IR Fluorescent Nanomaterials for
Bioimaging. Adv. Opt. Mater. 2016, 4 (10), 1549-1557. Copyright (2016) John Wiley and Sons.

Fluorescence Imaging in Cells

FNDs are highly attractive for tracking experiments in vitro due to their presumably
high biocompatibility and because the NV centers cannot be bleached. Especially, the
high photostability of FNDs allows tracking over a long time frame. 2D single particle
tracking (SPT) in Hela cells using FNDs was introduced in 2007 by the groups of Chang
and Fann for the first time.*’ SPT of FNDs in 3D was achieved using a home-built servo
control fluorescence microscopy system which was able to follow the fluorescence
signal of a single FND in Hela cells in real-time (see Figure 14A).1* Furthermore, two-
photon excitation enabled to suppress the autofluorescence of the Hela cells strongly
compared to single-photon excitation.'*® The SPT allowed to study biological processes
such as receptor-mediated endocytosis using folic acid-modified FND.2*° Next to this,
FNDs can be used as optical tags to follow the movements of proteins on the cell
membrane or intracellular.t064126150  For example, TGF-B signaling was investigated
using SPT of TGF-conjugated FNDs.'*® SPT allowed to calculate the diffusion coefficient
of TGF-modified FNDs after binding to the TGF-B receptor. This revealed new insights of
the dynamics such as three different states of diffusion: immobile, intermediate, and
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fast which are probably related to the different steps in the signaling. The group of
Tochio was tracking an interleukin receptor by using FNDs.® Interleukin-18 receptor
alpha chain was recombinant modified with a B-lactamase-tag. The B-lactamase-tag
allowed to bind FND which were connected to an ampicillin structure specifically to the
receptor via the tag. Using SPT, trajectories of the receptors could be imaged and
diffusion coefficients could be calculated.®® Recently, the group of Chang® presented a
strategy to biorthogonal label membrane proteins with alkyne-functionalized FNDs (see
Figure 7A). The first strategy was to introduce an azide group into sialoglycoproteins,
located in the membrane, by adding azide-modified sugars into the culture of Hela cells.
Afterwards, alkyne-functionalized FNDs could bind to these sugar motives by Cu(l)
catalyzed click chemistry. Another strategy was to use azide-modified anti-integrin a5
antibodies (see Figure 14C). Integrin a5 belongs to the group of sialoglycoproteins which
is located in the membrane. After incubating human fibroblasts with the antibody,
alkyne-functionalized FNDs were again conjugated to the antibodies by click chemistry
to allow tracking. SPT allowed to image random and active movement of the labeled
integrin a5 as well as calculation of the diffusion coefficient (see Figure 14B).
Furthermore, FND allowed to track the movements of integrin a5 for long time (2 h)
which is not possible with commercial dyes because of bleaching. Long-time tracking
revealed movements of the integrin a5 to front side of the cell migration route which
could not be visualized by short-term imaging.%

Next to tracking the movement of membrane protein, FNDs were also used to reveal
dynamics inside of cells. Tunneling nanotubes are thin membranous bridges connecting
cells and are important for exchange of proteins and cytoplasmic components. Tracking
of FNDs was successfully used to study these transport dynamics in HEK293T%1,
endothelia cells (bEnd.3)!, and neuronal cells?®. In HEK293T cells a random movement
of FNDs in the cytoplasm was revealed followed by a direct movement once the FNDs
entered the tunneling nanotube.’® We confirmed these findings using bEnd.3 and
neuronal cells.'® Furthermore, transport of FNDs inside the branches of dissociated
neurons were studied (see Figure 14D).*>2 By tracking FNDs, many parameters of the
transport could be assessed such as stop and go phases, velocity, run length, pausing
time, and the diffusion coefficient among others.'>?

Tracking of FNDs was also used to visualize the movement of whole cells.!>37> The
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group of Chao'>° prepared various FND-bearing cancer cells to track their movement.

Furthermore, labeling of lung stem/progenitor cells using FNDs was achieved too which

allowed tracking of the cells in vivo.'>*

The group of Hollenberg'>®

performed quantum measurement and tracking of the
orientation of FNDs inside living cells. Firstly, the group revealed that FNDs located
inside Hela cells can be distinguished from each other by ODMR spectroscopy. Because
every FND is unique, the ODMR spectra of a FND is like a fingerprint which does not

change even after long time periods and movements of FNDs. Furthermore, FNDs only

46



with a single NV~ center can be used to track the orientation of the NV center. By

applying a magnetic field, the ODMR peaks split into ms=+1 and ms=—1. The magnitude
of the splitting depends on the orientation of the NV~ center in regard to the magnetic

field. The group of Hollenberg showed that tracking of the orientation is even possible
156

in Hela cells.
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Figure 14 (A) Bight-field and epifluorescence images of a cell after uptake of fluorescent nanodiamonds
(FNDs). A FND was tracked over time and the three-dimensional trajectory (shown in pseudo-color) and
displacements are shown. Scale bar = 5 um. (B) The movement of integrin a5 on the membrane was
investigated after labelling them with FNDs. Scale bar = 50 um. (C) lllustration of labelling of integrin a5
with FNDs. Firstly, azide modified antibodies against integrin a5 were bound. Secondly, alkyne-modified
FNDs were able to bind to the antibodies. (D) Tracking of FNDs allowed investigation of transport
mechanism in branches of dissociated neurons. Scale bar = 5 um. (A) is adapted with permission from
Chang, Y.-R.; Lee, H.-Y.; Chen, K.; Chang, C.-C.; Tsai, D.-S.; Fu, C.-C.; Lim, T.-S.; Tzeng, Y.-K.; Fang, C.-Y.; Han,
C.-C.; etal. Mass Production and Dynamic Imaging of Fluorescent Nanodiamonds. Nat. Nanotechnol. 2008,
3 (5), 284-288. Copyright (2008) Springer Nature. (B)+(C) are adapted with permission from Hsieh, F.-J,;
Sotoma, S.; Lin, H.-H.; Cheng, C.-Y.; Yu, T.-Y.; Hsieh, C.-L.; Lin, C.-H.; Chang, H.-C. Bioorthogonal Fluorescent
Nanodiamonds for Continuous Long-Term Imaging and Tracking of Membrane Proteins. ACS Appl. Mater.
Interfaces 2019, 11 (22), 19774-19781. Copyright (2019) American Chemical Society. (D) is adapted with
permission from Haziza, S.; Mohan, N.; Loe-Mie, Y.; Lepagnol-Bestel, A.-M.; Massou, S.; Adam, M.-P.; Le,
X. L.; Viard, J.; Plancon, C.; Daudin, R.; et al. Fluorescent Nanodiamond Tracking Reveals Intraneuronal
Transport Abnormalities Induced by Brain-Disease-Related Genetic Risk Factors. Nat. Nanotechnol. 2017,
12 (4), 322—-328. Copyright (2016) Springer Nature.

47



Next to NV centers, also FNDs containing SiV were used for imaging.'>’~>° Applying
both kinds of FNDs, containing either SiV or NV centers, to cells at the same time allowed

multi-color imaging.*>8

Fluorescence Imaging in Organisms

Using FNDs for imaging in vivo was already performed in various organisms including
Caenorhabditis elegans'®®1®2, drosophila melanogaster embryos®®, mice!l6 154162164
miniature pig®, and zebrafish embryos!?%1%¢ The group of Chang®® used BSA-coated
FND to study their dynamics in zebrafish yolk cells by SPT. These FNDs showed
unidirectional and stop-and-go traffic in the yolk cell with a velocity of 0.19-0.40 um/s.
Furthermore, these FNDs stayed in dividing cells even when the embryos developed into
larvae and into adult fish.'%® FNDs were applied in a very similar way to study diffusion
in both furrow periplasm and sub-nuclear periplasm of a drosophila melanogaster
embryo.1%3 SPT of single FNDs allowed to record and analyze the trajectory and calculate
the diffusion coefficient and mean driven velocity. The diffusion rates of FNDs in the
furrow periplasm and sub-nuclear periplasm differed by the factor of 10.
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Figure 15 (A) The fluorescent decay time of FNDs. The shaded area represents the fluorescence signal
collected during gating time. (B) Fluorescence lifetime imaging microscopy image of C. elegans. (C) Image
showing only fluorescent decay time > 10 ns. (A)—(C) are adapted with permission from Kuo, Y.; Hsu, T.-
Y.; Wu, Y.-C.; Chang, H.-C. Fluorescent Nanodiamond as a Probe for the Intercellular Transport of Proteins
in Vivo. Biomaterials 2013, 34 (33), 8352—8360. Copyright (2013) Elsevier.

Time gating was discovered to be an elegant method to remove the background
signal in vivo because NV~ (11.6 ns) possess a substantial longer fluorescence life time
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compared to cell or tissue autofluorescence (1-4 ns).1®° The group of Chang
a much increased image contrast of FNDs in C. elegans using fluorescence lifetime
imaging microscopy with a gating time longer than 10 ns (see Figure 15A—C). The same
group translated this technique to enable wide-field time-gated fluorescence imaging in
mice.'®* Using Raman shifting, a green laser (532 nm) was changed to an orange laser
(599 nm) to prevent strong absorption and emission of hemoglobin, a main factor of
autofluorescence. Furthermore, a nanosecond intensified charge-coupled device, a
highly sensitive camera capable of high-speed gating operation, was used as the
detector.'®* So far the most sophisticated in vivo experiments were performed by the
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group of Chang'®> using mini pigs. Alboumin-coated FNDs were used for quantitative

48



tracking of mesenchymal stem cells in miniature pigs. However, experiments were
performed after sacrificing the pigs but not in living animals, which would be most

desirable.16°

Optically Detected Magnetic Resonance Microscopy

Next to time gating, ODMR microscopy also enabled background free
imaging.58162167.168 9DMR microscopy benefits from the effect that the fluorescence of
NV~ centers can be stimulated by microwaves. As discussed previously, using a
microwave of 2.87 GHz results in a reduction of about 30% of the fluorescence intensity
of the NV~ centers. However, the fluorescence of other optical objects is not effected in
the presence of a microwave. During ODMR microscopy, images are acquired with and
without 2.87 GHz microwave irradiation (see Figure 16A+B). Afterwards, pixel-by-pixel
subtraction between these two images is performed to remove the background. This
technique was successfully applied to image background free in vivo'®?, e.g. C. elegans
and mice, as well as fine nanostructures such as a single actin filament®8,
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Figure 16 (A) Time chart of an ODMR measurement. The laser is continuously on and a microwave
(radiofrequency) is alternatingly switched on and off. (B) Fluorescence spectra over time of an optical
bead and a fluorescent nanodiamond (FND). The optical bead is not influenced by the microwave but the
fluorescence intensity of the FNDs dropped whenever the microwave is witched on. (C) Left: Image of
FNDs inside a cell recorded by confocal microscopy. Right top: Image of FNDs inside a cell recorded by
stimulated emission depletion (STED) microscopy. Right bottom: Improvement of the resolution provided
by STED microscopy. (A)+(B) are adapted with permission from Igarashi, R.; Yoshinari, Y.; Yokota, H.; Sugi,
T.; Sugihara, F.; lkeda, K.; Sumiya, H.; Tsuji, S.; Mori, I.; Tochio, H.; et al. Real-Time Background-Free
Selective Imaging of Fluorescent Nanodiamonds in Vivo. Nano Lett. 2012, 12 (11), 5726-5732. Copyright
(2012) American Chemical Society. (C) is adapted with permission from Tzeng, Y.-K.; Faklaris, O.; Chang,
B.-M.; Kuo, Y.; Hsu, J.-H.; Chang, H.-C. Superresolution Imaging of Albumin-Conjugated Fluorescent
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Nanodiamonds in Cells by Stimulated Emission Depletion. Angew. Chemie Int. Ed. 2011, 50 (10), 2262—
2265. Copyright (2011) John Wiley and Sons.

A new imaging technique of FNDs was presented by the group of Yablonovitch'®®. The
group designed a magnetic field free point which is surrounded by a magnetic field. By
applying a microwave (2.87 GHz) and moving the magnetic field free point over a
sample, only FNDs which are located in the magnetic field free point showed a decrease
in fluorescence due to the microwave. FNDs which were exposed to a magnetic field
showed no decrease in fluorescence because of the Zeeman splitting of the ms=+1 and
consequently, the microwave resonance change by a rate of 56 GHz T™2. This technique
allowed high sensitivity for detecting ~100 fg NDs and high spatial resolution
(~100 um).16°

Correlative Microscopy

Correlative light—electron microscopy (CLEM) has emerged quickly in the field of
bioimaging because it combines the individual strengths of both light microscopy (LM)
and EM. LM allows fast screening as well as live and multi-color imaging. In contrast, EM
can be only performed on fixed samples in grey scale but provides the highest
resolution. Because FNDs can be visualized by EM, due to their dense carbon lattice, and
LM, without bleaching, they became prominent candidates for CLEM.14170-173 The
group of Schirhagl*’® used FNDs of 40 nm and 70 nm size and proofed that the
fluorescence of the FNDs survived fixation and embedding which is necessary for the
EM. Hsieh et al.}’* applied FNDs, which were encapsulated in a lipid layer, on Hela cells
to target CD44. CLEM was used, transmission electron microscopy (TEM) and scanning
electron microscopy, to reveal the successful binding of the FNDs to the cellular
membrane. However, in these two publications EM served mainly to reveal the cellular
structure in nanoscale while the FNDs were only visualized by LM. The group of
Hanninen!’® improved the contrast of FNDs in TEM, so that it was possible to visualize
clusters of FNDs in intracellular vesicles. The positions of the clusters in TEM matched
with the fluorescence signals recorded by stimulated emission depletion (STED)
microscopy. We''# contributed to this field significantly by improving the contrast of
FNDs in TEM further and performing TEM tomography which allowed to visualize
individual FNDs forming a cluster in 3D. Furthermore, using energy filtered transmission
electron microscopy (EFTEM) enabled to visualize single FND which are not belonging to
a cluster for the first time intracellular. This work is described in detail in chapter 3.1.

Super-Resolution Microscopy

In the past decades, super-resolution microscopy revolutionized the field of
bioimaging indicated by the huge number of techniques which are available up to
date.’”* Among these techniques, STED, stochastic optical reconstruction (STORM), and
photoactivated localization microscopy are the most popular because they are
commercialized and user-friendly. Because of their high photostability, FNDs gained

great interest for STED microscopy instead of STORM microscopy which requires
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stochastic blinking. The group of Hell*’® revealed an optical resolution of 7.6 nmin a bulk
diamond containing NV centers using ground state depletion microscopy, a STED related
method. Using a solid immersion lens, the resolution could be even improved down to
2.4 nm.'”® Furthermore, classical STED microscopy was enabled by implementing a
depletion laser with a wavelength above 700 nm.'77:178 A resolution of around 10 nm
was achieved resolving NV centers in 40-250 nm sized FNDs.'”® However, STED
microscopy in combination with FNDs has not found many applications in bioimaging so

106 ysed albumin-coated FNDs and investigated their potential

far. The group of Chang
as biomarkers in cells by STED. Compared to classical CSLM, the resolution dropped from

around 240 nm to 40 nm upon STED microscopy (see Figure 16C).
Photoacoustic Imaging

Photoacoustic (PA) imaging is based on the PA effect where light is converted into
sound. Compared to classical fluorescence microscopy, PA imaging has the great
advantage that light only needs to go one-way through the tissue and that the detection
is based on ultrasound generation. This allows deeper tissue penetration.'’® Because of
their strong optical absorbance, FNDs are promising candidates as contrast agents for
PA imaging.”®'%-185> Dye to better tissue penetration, usually NIR light is used for PA
imaging. Because NDs have only limited absorbance in the NIR, the group of Forrest!®
prepared radiation-damaged NDs. Using a high-dose He* irradiation, they created a lot
of vacancies in the diamond crystal lattice which are termed GR1 defects. These GR1
defects possess a zero-phonon line at 741 nm and showing absorption up to 800 nm.
Most importantly, the fluorescence quantum yield of the GR1 defects is only around 1%.
Therefore, 99% of the energy absorbed by these GR1 defects is released by nonradiative
processes such as vibration heating, which may contribute to the PA signal intensity.
Using NDs containing GR1 defects led to a 71-fold higher PA signal on a molar basis
compared to gold nanorods. In rodents these ND could be clearly imaged 3 mm below
the skin.'® Based on this, the same group® functionalized radiation-damaged NDs with
an anti-human epidermal growth factor receptor 2 (HER2) peptide and showed targeted
delivery into HER2-positive tumors as visualized by PA imaging.

Raman Imaging

The group of Zhi8>186-188

performed several studies regarding Raman imaging of NDs.
Upon irradiation using a laser with a wavelength of 532 nm, NDs possess a sharp Raman
peak at 1332 cm™ which can be easily distinguished from the Raman bands, 2800-
3200 cm, caused by symmetric stretching vibration of CH, and CH3 groups of the lipids
in Hela cells (see Figure 17A—C). Raman mapping allowed to image the interaction of
EGF-modified NDs with the EGF receptor on the membrane of Hela cells.?®’
Furthermore, the group performed 3D confocal Raman imaging to get an better
understanding of the location of EGF- or cetuximab-modified NDs in cells (see Figure
17D).85:188
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Figure 17 (A) Positions inside a cell which were investigated by Raman imaging. Scale bar = 10 um. (B) Top:
Raman signal of the cellular structures (2800-3200 cm™); Center: Raman signal of nanodiamonds
(1332 cm™); Bottom: Merged Raman signals of the cellular structures (red) and nanodiamonds (green).
Scale bar =10 um. (C) Corresponding Raman spectra of (1) cytoplasm, (Il) extracellular nanodiamonds, and
(111) nanodiamonds in a cell. The labeled regions are shown in (A). (D) 3D Raman imaging of nanodiamonds
(green) uptaken into cells. (A)—(C) are adapted with permission from Li, D.; Chen, X.; Wang, H.; Yu, Y.; Liu,
J.; Wang, Y.; Zhang, J.; Zheng, M.; Zhi, J. Nanodiamonds as Raman Probes for Specifically Targeted
Bioimaging: Visualization and Mechanism Study of the Biorecognition between Nanodiamonds-EGF and
EGFR. RSC Adv. 2017, 7 (21), 12835-12841. Published by The Royal Society of Chemistry. (D) is adapted
with permission from Chen, X.; Li, D.; Wang, H.; Jiao, Y.; Wang, H.; Yu, Y.; Zhi, J. Fabrication of an EGF
Modified Nanodiamonds-Based Anti-Cancer Drug Targeted Delivery System and Drug Carrier Uptake
Visualization by 3D Raman Microscopy. RSC Adv. 2016, 6 (50), 44543-44551. Copyright (2016) The Royal
Society of Chemistry.

Next to Raman imaging, coherent anti-Stokes Raman scattering (CARS) microscopy
was used to image single non-fluorescent NDs as well.*® In general, CARS microscopy is
promising for bioimaging as it is faster than Raman imaging and possesses a high spatial
resolution because CARS is a non-linear process in contrast to Raman scattering.'® The
group of Borri®® has not only shown that non-fluorescent NDs exhibit strong CARS but
also that CARS microscopy can be used to image NDs in Hela cells.

Magnetic Resonance Imaging

At the moment there are three ways how NDs are used for MRI. Firstly, classical
contrast agents such as gadolinium®°%-2%4 or iron>1% are attached to NDs. Gadolinium
has been introduced by functionalizing the ND surface with chelator molecules like
DOTA derivates®®19! or DTPA®®3 which can bind Gd** ions or by grafting Gd3* ions
directly onto the surface of NDs!2. Iron doped NDs were produced by ion
implementation.?®>'% However, in these systems NDs just function as carrier and the
improvement in the MRI contrast is only due to the decreased diffusion time. Secondly,
paramagnetic impurities on the surface of NDs can be polarized and the spin polarization
can be transferred to surrounding H! spins of the water molecules.’®” This can be
achieved due to the Overhauser effect which describes the transfer of polarized electron
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spins to nuclear spins. NDs provide partially polarized electron spins in form of
paramagnetic impurities such as NV centers, substitutional nitrogen (P1) centers, and
unpaired electrons at the surface. By using a radiofrequency, the transfer of spins can
be induced creating MRI contrast on-demand. The group of Rosen'®” has shown this
principle. Thirdly, hyperpolarization of 3C spins in NDs with the option to polarize liquid
solutions by spin diffusion in future is under study.'®®%° The electron spins of NV~
centers can be hyperpolarized and a transfer of these spins to the nuclear spins of
surrounding 3C atoms in the ND lattice is possible. A major problem to transfer
hyperpolarization protocols from bulk diamonds to NDs is the constantly changing
orientation of the NV~ centers in NDs due to their mobility in solution. To overcome this
limitation, the group of Pines'®® described now an orientation-independent, optical 13C
hyperpolarization method at room temperature for diamond powder.

In summary, FNDs are outstanding imaging probes because they can be applied
widely across different techniques. Due to its high photostability, the fluorescence of
the NV centers is ideal for tracking of FNDs in cells and simple organisms. Furthermore,
the long fluorescent lifetime enables time gating measurements to suppress the
background. ODMR microscopy is another method which has been successfully applied
to reduce the background. Next to background-free imaging, high resolution has been
achieved using STED microscopy or EM. Even EM of FNDs in cells was possible because
of the dense carbon lattice of NDs. The dense carbon core of NDs has also enabled
Raman imaging due to its distinct scattering properties. Other than NV centers, defect
centers, which showed a bad quantum yield, have been applied for photoacoustic
imaging because they converted light into heat. Finally, MRI has been performed with
NDs.
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1.8 Nanoscale Sensing

Next to imaging, one important research field is nanoscale sensing. Nanoscale
sensing would enable to reveal changes in temperature, pH value or ion flow during
biological processes. Furthermore, often certain dysfunctions or disorders are
associated with a change in temperature or pH value as cancer tissue.?© NV~ centers in
diamond are promising candidates for various sensing application because due to their

magneto-optical properties they possess a high spatial resolution and sensitivity. %!

Electron Spins

As mentioned in chapter 1.2, external electron spins can be measured by magnetic
relaxometry which is more sensitive than ODMR spectroscopy.l’* During a T1
measurement the spin equilibration is disturbed by applying laser light. Because many
electrons in the excited state with a total spin of ms=%1 relax over a singlet state into the
ground state and changing the total spin to ms=0, more NV~ centers possess a spin of
ms=0 due to the laser irradiation (see Figure 2A). After switching off the laser, the
equilibrium is restored after a certain time (T1 time) by spin-lattice relaxation (see Figure
3B). This T1 relaxation is effected by spin-lattice interaction and external spin bath in the
surrounding. Because in the NV~ center the magnetic and optic properties are coupled,
ms=0 is brighter than ms=t1, the T1 time can be measured by the decrease of the
photoluminescence intensity (see Figure 3B). Based on this method it was possible to
sense the spin of Gd** ions?%272% and Fe3* ions!® using FND containing NV~ centers. The
group of Jacques?®? was able to measure Gd** ions with a sensitivity of around 14
electron spins detected within 10 s using 10 nm FNDs containing a single NV~ center.
The group of Hollenberg?® improved this system which allowed to measure Gd3*
concentration inside the bilayer of an artificial cell membrane represented by a lipid
bilayer on a glass surface (see Figure 18A+B). The group of Jelezko'® coated FNDs with
Ferritin, a Fe3* containing protein, and showed a shortening of the spin-spin relaxation
time T2 and the spin-lattice relaxation time T1 compared to uncoated FNDs.
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Figure 18 (A) Experimental setup to sense Gd** ions. A lipid bilayer was prepared on a glass surface and a
nanodiamond was incorporated. Phospholipids were modified with a Gd** ion to enable a movement of
Gd** along the membrane. The change in the spin concentration was measured by T1 time. (B) Energy
diagram of negatively charged nitrogen vacancy containing nanodiamonds illustrating the “dark” and
“bright” states. (A)+(B) are adapted with permission from Kaufmann, S.; Simpson, D. A,; Hall, L. T,;
Perunicic, V.; Senn, P.; Steinert, S.; McGuinness, L. P.; Johnson, B. C.; Ohshima, T.; Caruso, F.; et al.
Detection of Atomic Spin Labels in a Lipid Bilayer Using a Single-Spin Nanodiamond Probe. Proc. Natl.
Acad. Sci. 2013, 110 (27), 10894-10898.

Electric and Magnetic Fields

In the year 2008 three important publications, two by the group of Lukin?°¢27 and
one by the group of Wrachtrup?%, reported the principle of nanoscale magnetic sensing
using NV~ centers in diamonds. The group of Lukin?®’ proposed a method of high
magnetic sensitivity either a single NV~ center containing ND connected to the tip of an
atomic force microscopy (AFM) for high spatial resolution or a bulk diamond with a high
density of NV~ centers for higher sensitivity. While the single ND improved the spatial
resolution down to 10 nm, the bulk diamond served as an optical magnetic-field imager
with a sensitivity approaching a few fT Hz"1/2.207 A slightly different approach was used
by the group of Wrachtrup?®. The group combined an AFM and confocal setup which
was furthermore equipped with a microwave generator to enable electron spin
resonance (ESR) measurements. A diamond nanocrystal containing a single NV~ center
was placed onto the glass substrate and a magnetic tip was used in the AFM setup. As
discussed in the introduction, an increasing external magnetic field resulted in
separation of the ms=%1 (see Figure 19A). Calculation of the external magnetic field
strength was possible from the ESP resonance w1 and w,. Moving the cantilever in x and
y position enabled to measure a line profile of the magnetic field strength and

calculating the exact position of the NV~ center.?%®

Furthermore, the group of Wrachtrup?® designed an experiment to sense an electric-
field in 3D using a single nitrogen-vacancy defect center spin in a bulk diamond (see
Figure 19B). Hereby, a sensitivity of an electric-field of 202+6 V cm™ Hz"%2 was achieved.
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210 were monitoring ion-channel function in a cell-membrane

The group of Hollenberg
using a diamond nanocrystal. A single ND connected to an AFM tip was brought in close

contact to an ion channel to measure the change in the quantum decoherence time.
Temperature

Sensing of temperature using FNDs was performed in living cells for the first time in
2013?11 and gained more interest in the following years.'>88212 Ag discussed in
chapter 1.2, the zero-field splitting of ms=0 and ms=t1 is temperature depended.
Therefore, a change in temperature can be measured by ODMR spectroscopy (to recap
see Figure 3D). The group of Harada® showed that their method to sense the
temperature is highly independent of pH value, ion concentration, viscosity, molecular
interaction, and organic solvent. To perform temperature measurements in cells, the
group used fixed cells to create a calibration curve with known temperatures against
measured zero-field splitting values. This allowed to measure the temperature in cells
more precisely (see Figure 19C). Building up on this principle, the group of Hollenberg?'?
measured the change of the zero-field splitting values of many FND located in different
parts of a cell to receive an intracellular temperature map of primary cortical neurons
(see Figure 19D). The group of Chang® prepared ND-gold nanorods hybrids. Upon
irradiation with a laser (808 nm), the gold nanorods converted photon energy into heat.
It was possible, to calculate the increase in temperature by measuring the change of the
zero-field splitting of the NV~ centers.
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Figure 19 (A) Optically detected magnetic resonance (ODMR) spectra at different external magnetic fields
illustrating the effect of the magnetic strength on the separation of ms=t1. (B) ODMR spectra at different
electric fields revealing the change in the frequency of the zero-field splitting. (C) ODMR spectra at
different temperatures showing the change in the frequency of the zero-field splitting. (D) Temperature
mapping in primary cortical neurons. (A) is adapted with permission from Balasubramanian, G.; Chan, I.
Y.; Kolesov, R.; Al-Hmoud, M.; Tisler, J.; Shin, C.; Kim, C.; Wojcik, A.; Hemmer, P. R.; Krueger, A.; et al.
Nanoscale Imaging Magnetometry with Diamond Spins under Ambient Conditions. Nature 2008, 455
(7213), 648-651. Copyright (2008) Springer Nature. (B) is adapted with permission from Dolde, F.; Fedder,
H.; Doherty, M. W.; NGbauer, T.; Rempp, F.; Balasubramanian, G.; Wolf, T.; Reinhard, F.; Hollenberg, L. C.
L.; Jelezko, F.; et al. Electric-Field Sensing Using Single Diamond Spins. Nat. Phys. 2011, 7 (6), 459-463.
Copyright (2011) Springer Nature. (C) is adapted with permission from Sekiguchi, T.; Sotoma, S.; Harada,
Y. Fluorescent Nanodiamonds as a Robust Temperature Sensor inside a Single Cell. Biophys.
Physicobiology 2018, 15, 229-234. Copyright: https://creativecommons.org/licenses/by-nc-sa/4.0/. (D) is
adapted with permission from Simpson, D. A.; Morrisroe, E.; McCoey, J. M.; Lombard, A. H.; Mendis, D.
C.; Treussart, F.; Hall, L. T.; Petrou, S.; Hollenberg, L. C. L. Non-Neurotoxic Nanodiamond Probes for
Intraneuronal Temperature Mapping. ACS Nano 2017, 11 (12), 12077-12086. Copyright (2017) American
Chemical Society.

Because the sensitivity of NV~ centers is much better for magnetic fields than for
changes in temperature, the group of Li?!3 proposed to use magnetic NPs which are
docked to a stimulus-responsive hydrogel. FNDs were coated with poly(N-
isopropylacrylamide) and afterwards magnetic NPs were connected to the coating.
Upon temperature changes, the hydrogel either expanded or shrunk which
consequently changed the distance between the NV~ centers in the FNDs and the
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magnetic NPs. According to the distance, the ms=+1 and ms=—1 spin states either
strongly or weakly drifted apart due to the magnetic field in the ODMR spectra.

pH-Values

The group of Igarashi®'* revealed that uniformly carboxylated FNDs are sensitive to a
pH ranging from pH 3 to pH 7. In a basic environment, the carboxylic acid groups located
on the surface of the FNDs turn more and more negative. These negative charges are
probably perturbing the electric field in the FNDs and shortening the T; time. Indeed,
this shortening of the T1 time was found between pH 3 and pH 7 but the T; time stayed
constant for pH > 7. To cover also measurements of pH values > 7, FNDs were coated
with poly-L-cysteine which contains thiol groups with a pKs of 8-11. The coated FNDs
showed a clear shortening of the T1 time for an increasing pH from pH 7 to pH 11.

Electric Charges

Next to sensing electric charges by measuring of the T1 time as it has been done for
pH-values, it is also possible to sense them by measuring the ratio of the charge states
of the NV centers because the charge state of coating materials influences the charge
state of the NV centers.?® For instance, FNDs which were coated with positively charged
PEI showed an enhanced NV to NV~ center ratio due to manipulation of the Fermi level
position by the surface band bending. In contrast, after adsorbing negatively charged
DNA onto the FNDs-PEI the number of NV~ centers increased again. Because NV° and
NV~ centers possess different zero-phonon lines, the charge ratio can be easily revealed
by measuring the photoluminescence intensity fluorescence. This allowed to follow the
release of DNA in cells.

Optical and Anti-Brownian Electrokinetic Trapping

Recently, FNDs were applied for different trapping approaches such as optical
trapping?!>21¢, near-field optical trapping?'’, and anti-Brownian electrokinetic (ABEL)
trapping?!8. The group of Awschalom?!® used an infrared laser (1,064 nm) to trap an
ensemble of FND particles. In parallel, a 532 nm laser was applied to enable optically
detected ESR measurements with 3D control in solution. This precise trapping of FNDs

also allows mapping of magnetic fields in 3D in solution. An estimated sensitivity of

215 improved the

about 50 uT/+/Hz was achieved by this approach.2!6 The group of Reece
optical trapping system by eliminating the spin decoherence effect of the trapping laser
which allowed measurements of the spin-lattice relaxation time (T1). Because optical
trapping requires very high laser powers when the objects become small (< 100 nm), the
group of Radenovic?*® performed ABEL trapping. ABEL trapping cancels the Brownian
motion of objects by applying an electric field which induces an electrokinetic drift. This

approach allowed optically detected ESR measurements of FND with a size of 30 nm.?%®
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In summary, FNDs are promising candidates for biomedical applications, bioimaging,
and nanoscale sensing due to their outstanding properties. In the field of biomedical
applications, FNDs have mainly been used as imaging probes for tracing drug delivery.
Coating materials have been designed which enabled to attach drugs via responsive
linkers. These responsive linkers released the drug at the targeting site. In the field of
bioimaging, FNDs are of interest due to their special optical properties such as a high
photostability without bleaching, a long fluorescence lifetime, a dense carbon-based
core structure, a high reflection index, a distinct Raman scattering, and a fluorescence
which can be stimulated by a microwave. Taking all these features together, FNDs could
be employed in various imaging techniques including long-time fluorescence tracking,
time-gate imaging, ODMR and super-resolution microscopy, CLEM, and Raman imaging.
Furthermore, hyperpolarization of paramagnetic impurities on the surface or of NV
centers located inside the FNDs paved the way for MRI. Most prominently, FNDs
containing NV~ centers allow sensing at nanoscale. For example, FNDs are capable of
sensing electron spins, magnetic and electric fields, temperature, pH-values, and electric
charges by magnetic relaxometry as well as ODMR and fluorescence spectroscopy.
However, there are still obstacles which limit the applications of NDs. In the field of
imaging, applications in vitro are demanding bright and small FNDs (few nm) which
would enable to track proteins without influencing the behavior of these proteins
significantly. Up to now, applied FNDs have a size of at least 30 nm in diameter.
Applications in vivo are still limited due to the weak emission, especially of smaller FNDs
(<40 nm). Therefore, smaller FNDs with a higher number of active NV centers would be
beneficial to track these FNDs in living animals. Furthermore, other optical defect
centers such as SiV centers need to be explored further because their emission, which
is shifted to the infrared, would be more suitable for imaging in vivo. Sensing
applications are often limited by the inhomogeneous properties of FNDs. FNDs usually
contain a broadly distributed number of NV~ centers, a broad size distribution, and
various shapes of FNDs is too big. Furthermore, coatings of FNDs are mostly very thick
and therefore, the distance of the NV~ centers to the substance, which should be
detected, is too long. Finally, measurements are very time consuming and do not allow
to sense fast processes. All these drawbacks are hindering sensing applications up to
now and need to be overcome in future.
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2. Motivation

In the introduction current applications and future potentials of NDs were discussed.
However, there is still a huge gap between on one hand synthesis and further
functionalization of FNDs and on the other hand sophisticated applications such as
bioimaging or nanoscale sensing. For bioimaging, stringent requirements are needed in
biocompatibility, colloidal stability, size distribution of FNDs, and quantity of optical
active centers, whereas sensing demands uniform surface modifications, thin coatings,
and sufficient amount of NV~ centers or other defect centers. Up to now, there are many
activities improving surface purification, functionalization, and post-modifications
based on covalent and non-covalent interactions of NDs and coating materials.
Especially, coating materials are important because they form the intersection between
the hard and dense diamond material and the mostly soft materials present in biological
environments. However, often coating materials which are designed are of complex
structure, only applicable for a specific application, and cannot easily be applied across
different fields.

Therefore, in this dissertation, bio-inspired coatings are proposed, which are easy to
fabricate, translatable, and very variable in their applications. Inspired by Nature two
coating materials were designed: firstly, a non-covalent coating strategy was developed
which originates from protein adsorption and protein corona formation in Nature.
Secondly, a covalent coating induced by self-polymerization of small molecules inspired
by mussel foot proteins was developed.

Non-covalent coatings possess certain advantages over covalent modifications. For
example, they are easier to functionalize and characterize because this can be done
before the coating is adsorbed onto the NDs. Furthermore, preliminary studies can be
performed only with the coating material. Our group gained a lot of experience with
HSA-based carrier systems. As common for proteins, HSA possesses a specific amino acid
sequence and therefore can be functionalized in a precise way. The conversion of
negatively charged amino acid side chains into positively charged ones allowed a higher
degree of functionalization as well as an increase in cellular uptake. The immune
response was reduced and the colloidal stability improved by attaching PEG chains. The
high number of functional groups on the HSA allowed to vary the modifications easily
such as the attachment of small molecular dyes for multi-color imaging, chelator units
to bind contrast agents for MRI, and drugs via a pH-responsive linker. Furthermore, the
positive charge of the protein enables simple coating of the negatively-charged NDs by
convenient electrostatic adsorption. To show the applicability of this coating material
for different bioimaging applications, we performed various imaging methods in
different scales. In vitro, we demonstrated the use of coated FNDs for CLEM in
combination with EFTEM providing the highest and finest resolution. By moving to in
vivo experiments, the transport of coated FNDs into the mouse brain through the BBB
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was proven. Finally, we prepared a coating material for MRI by attachment of Gd3* ions
and evaluated the coating material in ovo.

In the second approach, we used the ability of L-DOPA to directly self-polymerize
from the surface of FNDs. Because poly(L-DOPA) is a less soft and flexible material than
the HSA-based coating, the poly(L-DOPA) coating gave us better control over the
thickness of the shell which was formed around the FNDs. Next to the various present
functional groups which allowed post-modification of the coated FNDs, poly(L.-DOPA) is
a functional coating material which shows a photothermal effect. In combination with
the abilities of FNDs this allowed us to perform photothermal applications in parallel to
bioimaging. After addition of the protein transferrin and the small molecular dye ICG,
coated FNDs showed uptake into cancer cells and a photothermal effect at low laser
powers. Furthermore, FNDs offer the possibility to confirm the photothermal effect on
a nanoscale level intracellular by sensing of the temperature using ODMR spectroscopy.
It was shown that the poly(L-DOPA) coating does not influence or weaken the ODMR
signal.
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3. Investigated Systems

3.1 An In Vitro Study of Coated Fluorescent Nanodiamonds With
Nanoscale Resolution Using Correlative Microscopy Techniques

In the first publication, we investigated the behavior of coated FNDs in cells. To
achieve this with a high resolution, we used a combination of different microcopy
techniques including CLEM and EFTEM. Often, the spatial information is limited to a
microscopic level, which is recorded by fluorescence microscopy techniques in vitro or
tomography techniques, such as MRI, computed tomography (CT) or positron-emission
tomography (PET), in vivo but there is not much known about the intracellular behavior
of coated FNDs on a nanoscale level. This information would be crucial to further
develop modern nanomedicine, high standard bioimaging or sensing probes by avoiding
the risk of coated FND-induced toxicity and to get a better understanding of coated
FND—cell interactions such as uptake mechanisms, intracellular release, and trafficking.

Classical LM is restricted to the wavelength of light and therefore does not provide
resolution beyond the diffraction limit (~200 nm).2%° Super-resolution microscopy was
invented to overcome these limitations. In the last decade, a huge step forward in
nanoscale resolution was made which is also shown by the increasing number of
different techniques such as STED, STORM, photoactivated localization microscopy, and
super-resolution optical fluctuation imaging.??® However, there are still special
requirements which need to be fulfilled for the different techniques. Fluorophores
should possess a high photostabiliy and/or special optical behaviors such as blinking. A
resolution down to 40 nm could be achieved for NDs in Hela cells using STED, which is
still around 100 times lower than the resolution of TEM (below 1 nm).1%622% |n addition,
super-resolution microscopy cannot visualize most of the cellular structures caused by
the absence of fluorescent signals. EM is the method of choice when it comes to
nanoscale resolution because it can reveal cellular structures at the highest resolution
even without special marker molecules. However, reaching such high resolutions comes
along with several drawbacks. EM works only under high vacuum preventing any kind of
live cell imaging. Next to this, imaging works only in grayscale. CLEM was invented to
combine the two powerful microscopy techniques and to overcome the hurdles of each
individual technique. LM allows fast screening and live cell imaging using multi-color
detection, whereas EM provides the best resolution even without marker molecules.
This makes CLEM a powerful tool in modern nanomedicine. Several obstacles arise
during CLEM studies of NPs. Firstly, NPs need a dense core structure, which must be
detectable by EM. Secondly, the NP must not be destroyed by the sophisticated
preparation procedure for EM. This can easily occur during cutting the specimen into a
few hundred nanometer thin slices using a diamond knife. Thirdly, the fluorophore must
survive the embedding method and the emission must be strong enough to be
distinguishable from the background signal. QDs and gold NPs have been analyzed by
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CLEM but they suffer from their weak fluorescence, blinking of QDs, and their
cytotoxicity, which limits long-term studies in vitro and in vivo.134%22-224

Considering these prerequisites, FNDs appear as excellent candidates for CLEM
studies. The diamond core is composed of mainly carbon atoms building up a dense
structure which can be visualized by EM. More importantly, the fluorescence of FNDs
arises from NV centers inside the carbon lattice which are not easily affected by the
chemical surrounding and therefore are not quenched by embedding procedures. In
addition, they show a high photostability and low cytotoxicity.??> Previously, the
application of FNDs in cells for CLEM was limited due to the weak contrast of FNDs in
TEM.170171173 Therefore, FNDs were attached to gold NPs which showed a much higher
contrast in TEM.’ Especially, single FNDs could not be visualized by CLEM in cells so far
due to the too weak fluorescence signal in CLSM and too low signal-to-noise ratio in
TEM.

In this work, we used CLEM to identify FND clusters in cells with a very high resolution
in bright-field TEM. Furthermore, EFTEM enabled the visualization of single FNDs in cells
for the first time.

fND

A

coated fND

Figure 20 (A) Overview of the coating procedure of fluorescent nanodiamonds with cationized and
PEGylated human serum albumin. (B) Correlative light—electron microscopy image of nanodiamonds (red)
in an intracellular vesicle after merging light and electron microscopy images. (C) Transmission electron
microscopy tomogram of the region in (B) allowing to identify individual nanodiamonds in a cluster. (D)
3D model of the intracellular vesicles with nanodiamonds (red) and membrane (green). Scale bar = (B+C)
500 nm, (D) 250 nm. (A-D) are adapted with permission from Han, S.; Raabe, M.; Hodgson, L.; Mantell, J.;
Verkade, P.; Lasser, T.; Landfester, K.; Weil, T.; Lieberwirth, I. High-Contrast Imaging of Nanodiamonds in
Cells by Energy Filtered and Correlative Light-Electron Microscopy: Toward a Quantitative Nanoparticle-
Cell Analysis. Nano Lett. 2019, 19 (3), 2178-2185.

FNDs with a diameter of around 35 nm in average (determined by TEM) were used in
our study. The surface of the FNDs was oxidized by the manufacturer using strong acids
(usually nitric acid, perchloric acid, and sulfuric acid) yielding a high number of carboxylic
acid groups. The negative surface groups stabilize the NV~ centers and lead to a high
colloidal stability in MilliQ water. However, FNDs tend to aggregate strongly in agueous
buffer systems even at low salt concentrations. Thus, coating the surface of FNDs is

essential for studies in cellular environments. Previously, we established a protocol to
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coat FNDs using a bioinspired copolymer.!'> The coating is derived from the human
plasma protein HSA and the modification were done according to literature.!'> In
summary, all negatively charged amino acids of the HSA backbone reacted with
ethylendiamine resulting in a high positive surface charge. This allowed further
modification and increased cellular uptake due to the interaction with the negative cell
membrane. Next, the cationized HSA was PEGylated by addition of NHS activated
poly(ethylene oxide). The PEG chains increased the colloidal stability and reduced the
immunogenicity. In the final step, the PEGylated HSA was denatured using a phosphate
buffer containing a high concentration of urea as well as tris(2-carboxyethyl)phosphine
(TCEP) to reduce the disulfide bonds. To prevent refolding, the free thiols were capped
by 1-(2-aminoethyl)-1H-pyrrole-2,5-dione.

FNDs were diluted (0.1 mg/ml) in MilliQ water and sonicated to prevent aggregates.
Afterwards, the copolymer solution (low concentration of 0.1 mg/ml) and the FND
solution were mixed and stirred overnight (see Figure 20A). Unbound copolymer was
removed by centrifugation. After the coating, the negative surface charge of the FNDs
changed to a positive value and the hydrodynamic radius (Ry) increased from 44.5 nm
to 61.7 nm measured by dynamic light scattering (DLS). One reason for the relatively
high increase in the Ry is the loss of smaller FNDs during the centrifugation steps. More
importantly, the coated FNDs showed a monomodal distribution in the DLS indicating a
single, narrowly distributed species. This was confirmed by DLS measurements over
several angles. In addition, coated FNDs showed no aggregation in TEM imaging
compared to uncoated FNDs. The NV~ centers provide an emission in the range of 660—
700 nm after excitation with a 561 nm laser using a commercial available confocal
microscope. The emission intensity depends very much on the number of NV~ centers.
Therefore, bigger FNDs (~100-200 nm) emit much stronger than smaller FNDs.
However, smaller FNDs are more attractive for biomedical applications. We have chosen
FNDs with a size of 35 nm in diameter containing around 15 NV~ centers per FND.
Noteworthy is that our coating does not affect the fluorescent properties of the FNDs.

For CLEM studies, we incubated Hela cells with FNDs (75 ug/ml, 37 °C, 5% CO>, 4 h).
TEM requires sophisticated sample preparation including fixation and embedding of
cells in polymeric resigns.

Two methods were used in the following:

(1) “in-resign CLEM”; The samples were vitrified and embedded before LM and TEM
was performed. This allowed a high precision of the signals in LM and TEM.

(2) “in-dish CLEM”; First LM was performed allowing live cell imaging. Afterwards,
the samples were prepared for TEM. Due to the time gap between performing
LM and TEM, the signals were slightly shifted which is mainly caused by shrinking
of the cells during preparation for TEM.
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Both methods, in-resin and in-dish CLEM, showed spherical clusters of FNDs in CLSM
and TEM. As expected, the signals in CLSM and TEM merged perfectly in the in-resin
CLEM but there slightly offset in the in-dish CLEM. The in-dish CLEM showed more
fluorescence signals in CLSM in exchange because the sample is not embedded into a
polymeric resin. Furthermore, the in-dish CLEM allows 3D tomography because the
CLSM is performed before embedding the cells for TEM. In this way, we obtained spatial
information of the fluorescence signals by performing z-stacks in CLSM (see Figure 20B).
Afterwards, the sample was prepared for TEM and a tomogram was taken (see Figure
20C). The tomography using TEM allowed us not only to distinguish single FNDs in a FND
cluster but also gave us information about the cellular surroundings. We visualized a
cellular vesicle which is filled with 101 FNDs forming three clusters (see Figure 20D). In
the tomogram, it is clearly visible that one cluster of FNDs is breaking through the
membrane of the vesicle, which was described in literature before.17.226

CLEM provided us detailed information about FND clusters but was not able to
identify single FNDs beyond clusters. There were two reasons for this; Firstly, single
FNDs showed a low fluorescence intensity which was not strong enough to be
detectable by CLSM. Secondly, without the information of the CLSM it was not possible
to identify single FNDs in cells using TEM because many cellular structures were of
similar shape and contrast.

We used three different electron microscopy techniques to visualize and identify
single FNDs in cells.

High-angle annular dark-field imaging scanning transmission electron microscope.
It was possible to identify single FNDs using a high-angular annular dark-field detector
in scanning TEM. However, the method relies strongly on the orientation of the FND
crystals. Therefore, not all single FNDs could be visualized.

Transmission electron microscopy (overfocus). The discontinuous potential change
at the FND edges leads to bright Fresnel fringes around single FNDs in overfocus bright-
field TEM micrographs. However, other phase objects in the specimen could be
misinterpreted as FNDs too.

Energy filtered transmission electron microscopy. EFTEM allows to differentiate
between elastic and inelastic scattering of the electron beam. The inelastic scattering
relies strongly on the material on which the electron beam is directed. EFTEM has been
used to identify QDs and gold NPs before but has not yet been used for imaging of
FNDs.??” Using electron energy loss spectroscopy we could show that the inelastic
scattering intensity increased for FNDs compared to the surrounding materials. Based
on this, we used EFTEM imaging to identify single FNDs. Compared to classical bright-
field TEM, the signal-to-noise ratio in EFTEM imaging improved by the factor two. In
addition, we estimated the resolution using a line plot through two individual FNDs
which were close by. After applying a Gaussian fit (R?=0.974), we calculated the distance
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between the two single FNDs which was around 30 nm. This allowed us to study the
behavior of single FNDs in cells for the first time.

There is not much known about FND uptake into cells on a nanoscale level. Therefore,
we applied EFTEM to imaged FNDs which were located close to the extracellular matrix
of the cellular membrane. Several FNDs formed a cluster composed of about 4 FNDs.
However, we also visualized a single FND which was already partly encapsulated by the
cellular membrane. We performed tomography and created a model of the FND
afterwards. The 3D tomography clearly visualized a single FND uptake for the first time.
Hereby, the cellular membrane is not completely encapsulated but there is still a tunnel
from the inside of the early endosome to the outside of the cell.

Next to cellular uptake, intracellular delivery is of high interest regarding sensing,?%
drug delivery,??® and NP-related toxicity.??> We were able to visualize two single FNDs
which are located inside a mitochondrion using EFTEM, 3D tomography, and 3D
modelling (see Figure 21A-D). Interestingly, next to the mitochondrion was a vesicle
located containing a FND cluster with a size of about 200 nm in diameter. Probably, the
FND cluster is too bulky to enter the mitochondrion. The two individual FNDs inside the
mitochondrion were not encapsulated by a membrane. We could speculate that the
single FNDs escaped from a vesicle and that the membrane of the FND merged with the
mitochondrial membrane. However, deeper studies are necessary to reveal the detailed
uptake process of FND into mitochondria.

Figure 21 (A) Transmission electron microscopy (TEM) image of a mitochondrion and a cluster of
nanodiamonds located at the top right. (B) Energy-filtered TEM of the same region like in (A) revealing a
better signal-to-noise signal of nanodiamonds. (C) TEM tomogram and (D) 3D model of the mitochondrion
illustrating two single nanodiamonds (red) inside the mitochondrion. Scale bar = (A—D) 200 nm. (A-D) are
adapted with permission from Han, S.; Raabe, M.; Hodgson, L.; Mantell, J.; Verkade, P.; Lasser, T;
Landfester, K.; Weil, T.; Lieberwirth, I. High-Contrast Imaging of Nanodiamonds in Cells by Energy Filtered
and Correlative Light-Electron Microscopy: Toward a Quantitative Nanoparticle-Cell Analysis. Nano Lett.
2019, 19 (3), 2178-2185.

In summary, we demonstrated a powerful way to visualize and identify FND clusters
in cells using CLEM. In addition, we identified single FND using EFTEM. A bioinspired
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protein coating was used to enhance uptake and prevent aggregation. Mainly, FND
clusters were found in cells. Hereby, the EM and LM signals merged perfectly. The EM
resolution was of such a high quality that even individual FNDs in a cluster could be
distinguished and counted. EFTEM was used to identify single FND beyond clusters. For
the first time, a single FND uptake by a mammalian cancer cell line could be visualized.
In addition, EFTEM allows to identify single FNDs in intracellular organelles such as
mitochondria.

We believe that our approach can help to gain a better understanding of the cellular
behavior of FNDs in nanoscale. This would give information about bioactivities and
potential toxic effects of such nanomaterials based on quantitative data which is very
relevant for the whole field of nanotherapeutics, bioimaging and sensing probes.

All results are presented and discussed comprehensively in the manuscript (chapter
6.1).114

67



3.2 An In Vivo Study of Coated Fluorescent Nanodiamonds Showing
Successful Crossing of the Blood—Brain Barrier

After a cellular study of uptake and trafficking of coated FNDs at the nanoscale, we
further explored our system in vivo. Therefore, we preformed experiments with coated
FNDs in mice and studied a potential crossing of the BBB. Transport through the BBB is
of high interest because the therapy or diagnosis of many neurological diseases is often
limited by the hindered transport of compounds through the BBB. The main role of the
BBB is, next to separate the circulating blood from the brain and extracellular fluid in the
central nervous system, to maintain a constant homeostatic environment and to
prevent xenobiotics from entering the brain.??° To achieve this, the BBB is composed of
many different cell types including endothelial cells, pericytes, astrocytes, and
neurons.?® However, this complicated and tight natural barrier makes it difficult to
deliver drugs over the blood into the brain.

In the last decades, many nanomaterials have been tested for a successful crossing
of the BBB such as antibodies, liposomes, polymers, and micelles.?*! However, these
systems were always limited in imaging. Microscopic imaging by fluorescent dyes,
expression of fluorescent proteins or luciferase was difficult due to bleaching of
fluorophores, a high autofluorescence of the tissue or a low transfection efficiency.?3?~
235 One of the best studied nanomaterial in crossing the BBB are poly(lactic-co-glycolic
acid) NPs.2%® However, these NPs possess no optical properties which would be
beneficial for diagnosis. Furthermore, it was demonstrated that these NPs only cross the
BBB in diseased animals with impaired BBB but not in healthy animals.?37238 NPs with
better optical properties such as QD have been considered as an alternative but their
application is limited due to their high toxicity.23%24° Similar problems were found for
carbon dots which require new functionalization strategies to avoid clearance and heart
accumulation which might be toxic.?*%24? To overcome these hurdles, we used FNDs
which show no photobleaching, a good biocompatibility, and a potential for imaging in
vivo in future.

The coating material was prepared in the same way as reported in the publication
above.'* In summary, native HSA was cationized followed by PEGylation (Figure 22A).
20 PEG units were introduced which was proofed by matrix-assisted laser
desorption/ionization time of flight mass spectrometry (Maldi-Tof MS). For multi-color
imaging, either the dyes BODIPY or rhodamine were attached. The successful coating of
the NDs was characterized by zeta-potential, TEM, and DLS. After coating, the negative
surface charge of the uncoated ND (—28.5 mV + 1.0 mV) changed to a positive surface
charge (26.3 mV + 0.7 mV) due to the positive charged coating material. DLS revealed a
significant size increase after coating of the NDs. Two ND samples differing in size were
used with averaged diameters of 28.47 nm %= 0.22nm and 36.68 nm + 0.18 nm,
respectively. After coating, the averaged diameter changed to 41.55 nm + 0.20 nm and
55.87 nm + 0.92 nm, respectively. From the TEM images a histogram was created for
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both ND samples revealing sizes of 18.70 nm % 3.40 nm and 25.50 nm £ 5.50 nm. The
diameter after coating cannot be determined by TEM because the coating is not visible
in the TEM. However, we saw a clear difference in the aggregation behavior of the NDs.
Uncoated NDs were strongly aggregating in contrast to coated NDs which were
uniformly distributed over the TEM grid.
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Figure 22 (A) Overview of the coating material and the coating procedure. Human serum albumin (HSA)
was cationized, PEGylated, and labelled with a dye before two different sizes (28 nm and 37 nm) of
nanodiamonds (NDs) were coated by non-covalent adsorption. (B) Scheme of the in vitro blood—brain
barrier (BBB) model. (C) Transport of coated NDs through the BBB in the in vitro model. (D) Confocal laser
scanning microscopy images of astrocytes (left) and astrocytes after uptake of coated NDs (right; red).
Scale bar =5 um. (A-D) are adapted with permission from Moscariello, P.; Raabe, M.; Liu, W.; Bernhardt,
S.; Qi, H.; Kaiser, U.; Wu, Y.; Weil, T.; Luhmann, H. J.; Hedrich, J. Unraveling In Vivo Brain Transport of
Protein-Coated Fluorescent Nanodiamonds. Small 2019, 1902992.

The transport of the coated NDs was investigated by an in vitro model. Endothelia
cells (bEnd.3) were seeded on the luminal side of a transwell insert. Hereby, the luminal
side represents the bloodstream while the abluminal compartment represents the
brain. To proof that the cells are forming a tight barrier, the transendothelial electrical
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resistance (TEER) was monitored. TEER values higher than 40 Q x cm? indicate a tight
barrier which excludes paracellular transport.

To investigate how the size of the NDs influences the crossing of the BBB, both coated
ND samples were applied to the BBB in vitro model (Figure 22B). After 24 h, the fraction
of coated NDs which reached the abluminal area was quantified by fluorescence
intensity measurements. A transport of 100% represents the passive diffusion of coated
NDs through the transwell insert on which no cells were seeded. The slightly smaller
coated NDs (DLS=41 nm) showed a transport of 45.17+7.0% and the larger NDs
(DLS=56 nm) showed a transport of 38.6+7.6% (Figure 22C). Thus, there was no
significant difference in the crossing of the BBB between the smaller and bigger NDs.

To get a better understanding of the crossing mechanism of the BBB, we investigated
the cellular uptake of the coated NDs into bEnd.3. Endothelia cells are forming a tight
cell barrier around the blood vessels and are the first cell types which nanomaterials
need to pass for crossing the BBB. Firstly, we checked the uptake by CLSM. To enable
CLSM we changed to FNDs and we attached the dye BODIPY to the coating protein. CLSM
revealed colocalization of the fluorescent signals of the FNDs and the BODIPY proofing
the stability of the coating in vitro. Secondly, we investigated the uptake process of the
coated FNDs. There are two well studied uptake mechanisms, the clathrin-mediated
uptake and the caveolae-mediated uptake. To investigate which uptake mechanism is
used, bEnd.3 cells were incubated with the coated FNDs in combination with either
fluorescein-labeled transferrin (incorporated via clathrin-mediated uptake) or the B
subunit of cholera toxin-alexa-488 (incorporated via caveolae-mediated uptake).
Afterwards, colocalization was determined by CLSM. We showed that 27.2+3.07% of the
coated FNDs were colocalized with fluorescein-labeled transferrin and 70.55+3.90% of
the coated FNDs were colocalized with the B subunit of cholera toxin-alexa-488. These
data indicate a preference of the caveolae-mediated uptake which is in accordance with
literature.?*>2%* During uptake and cell trafficking, different cellular compartments are
formed starting from early endosomes, over late endosomes, and finally develop into
lysosomes. To study in which compartment the coated FNDs are localized, we
performed costaining with early endosome antigen markers or lysosomal-associated
membrane protein 1 markers. CLSM revealed that only 2.40+0.50% of fluorescence
signals of the coated FNDs are colocalized with signals of the early endosome markers
but 15.14+4.15% are colocalized with the lysosome markers after 24 h. It is not
surprising that almost no coated FNDs are localized in the early endosome because the
retention time is usually only a few minutes. In addition, we performed costaining with
an autophagosome marker (microtubule-associated protein 1A/1B-light chain 3). Only
0.98+0.52% of the fluorescence signals of coated FNDs were colocalized with signals of
the autosomal marker. An increase of autophagy is highly related to cellular stress.
Therefore, our results indicate that the coated FNDs should not induce cellular stress.
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After showing the successful uptake of coated FNDs into endothelia cells, we
examined other cell types which are located in the BBB. CLSM revealed strong uptake of
coated FNDs in the perinuclear region of astrocytes (Figure 22D). In contrast, in neurons
coated FNDs were mainly located in axons and dendrites. Taken together, these data
proofed the successful uptake of coated FNDs into endothelia cells, astrocytes, and
neurons which might be one of the reasons why coated FNDs are crossing the BBB in
vitro model.

To further understand the process of crossing the BBB, we studied the transport of
coated FNDs from one to another cell. Interestingly, we found vesicles with coated FNDs
located in a cell structure connecting two adjacent cells. Tunneling nanotubes have been
described before as actin bridges between different cells which are responsible for
transporting various cellular compartments over long distances.?* To visualize the
transport of coated FNDs we tracked their fluorescent signal by CLSM. During 45 min of
tracking, we saw a clear unidirectional movement of the vesicles with FNDs from one to
another cell. Even an increasing of the speed was found when the vesicles came closer
to the target cell. We speculate that this difference in speed is caused by a “bottle-neck”
effect. In the cytosol, the vesicles show a more random diffusion and once the vesicles
entered the tunneling nanotubes a unidirectional movement starts. In addition, we
proofed that there is also transport of coated FNDs in vesicles along the tunneling
nanotubes in neurons. Our data agree with previously reported transport of FNDs in
HEK293T and SH-SY5Y cells.’®* To summarize, we proofed transport of coated FND in
vesicles via tunneling nanotubes between different cells. This cell-to-cell transport is
highly interesting regarding crossing of the BBB.

Next, we investigated the biocompatibility of our coated FNDs. Therefore, a
monolayer of bEnd.3 cells was seeded in a transwell and the TEER was constantly
measured. The TEER values of untreated cells and cells incubated with coated FNDs
showed no significant difference indicating that the cell integrity was not harmed by the
coated FNDs and they still formed a dense monolayer. Cell viability of astrocytes and
neurons was proofed by alamar blue assay. There was no significant difference in the
cell viability for untreated astrocytes or neurons compared to astrocytes or neurons
treated with coated FNDs (0.5 pg/ml, 10 pg/ml or 30 pug/ml). These data revealed a high
biocompatibility of different cells, which are all located in the BBB, after treatment with
coated FNDs.

Finally, we investigated whether coated FNDs are able to cross the BBB and end up
in the brain in vivo. 24 h after intravenously injection of the coated FNDs (500 pg/ml of
blood), mice were sacrificed, the organs removed, cut into slices, and analyzed by CLSM.
The liver was used to proof successful injection because biodistributional studies have
clearly shown that positively charged NPs are accumulating in the liver. We imaged the
samples using the reflection mode, the emission of the FNDs, and the emission of the
dye which was attached to the coating protein. The reflection mode is independent of
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the fluorescent properties (number of NV centers) of the FNDs which can differ between
individual FNDs. As expected, we saw a high signal in the reflection mode in liver slices.
In addition, we identified several signals of the reflection mode and the emission of the
coating protein which were colocalized indicating that the coating of the FNDs is still in
intact. In brain slices, we could clearly visualize signals in the reflection mode. After
costaining of the astrocytes and neurons, we could visualize FNDs on the single cell level,
mostly located close to blood vessels.

In addition, we performed biodistribution studies. The highest uptake of coated FNDs
was observed in liver and spleen after 24 h. However, the brain uptake indicates an
adequate circulation time of the coated FNDs. The accumulation of the coated FNDs is
in agreement with data reported in literature describing the accumulation of NDs with
a diameter of 50 nm in liver, spleen, kidney, and lung.

In summary, we presented a nanodiamond-based carrier and imaging system which
showed successful crossing of the BBB. We reported the entire procedure from material
characterization, to 2D cell culture experiments, a BBB in vitro model, and finally uptake
of the coated FNDs into the brain in vivo.

All results are presented and discussed comprehensively in the manuscript (chapter
6.2).116
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3.3 A Bioinspired Albumin Nanotheranostic for Magnetic Resonance
Imaging and Drug Delivery in Triple-Negative Breast Cancer Xenografts

After the demonstration that coated FNDs can cross the BBB in vivo, we were
interested to further explore the potential of coated FNDs for bioimaging. As it has been
already discussed in the introduction, FNDs are promising candidates as contrast agents
for MRI in future. However, so far the hyperpolarization protocols are still under
development and the polarization of the FNDs is not sufficient enough for in vivo
imaging. As an alternative to study FNDs in vivo by MRI before hyperpolarization is
applicable, we designed a protein coating which is attached to the contrast agent Gd3*.
In this preliminary study, we investigated the potential of only the coating material for
MRI and therapy in a TNBC xenograft.

Despite extensive research in the fields of cancer diagnosis and treatment, cancer
remains the disease with the highest mortal rate next to heart diseases. Breast cancer
(BC) is the most diagnosed cancer type among women and ends fatal in 400,000 cases
yearly.?*¢ BC accurse in different subtypes and four major intrinsic subtypes have been
identified: the luminal subtypes A and B, expressing hormone receptor-related-genes,
triple-negative/basal-like BC, and HER2-positive BC.247-2*° The diagnosis and treatment
of TNBC is especially difficult because of the lack of estrogen, progesterone, and HER2
receptors which are normally used in targeted cancer treatment.?*” So far, there are no
approved targeted therapies for TNBC but several systemic treatments are available
such as taxanes (e.g. paclitaxel), anthracyclines (e.g. DOX), and platinum-agents (e.g.
cisplatin) which find usage in adjuvant and neoadjuvant therapy.?*” However, their
application is restricted due to their high cellular toxicity accompanied by many side
effects among them nausea and vomiting, myelosuppression, alopecia, mucositis, and
cardiotoxicity.?%2>1

To overcome these limitations, NP—drug carriers were explored reducing the
systemic toxicity by delivering the drug directly into the tumor tissues.?>>=2°% Protein-
based nanocarriers have shown great opportunity as a translational drug delivery
platform with several clinical trials in different phases.?’ Especially HSA, the most
abundant blood plasma protein, has been used frequently as drug-delivery system such
as albumin NPs?>8, albumin—drug conjugates?>®2%°, albumin-binding drug derivates?®?,
albumin-coated NPs?>%262 and prodrugs?63-2%5, Even one member of the albumin-based
nanocarrier family is approved by the FDA; Abraxane®, a 100—200 nm sized albumin
aggregate NP which encapsulates paclitaxel, was approved for the treatment of
metastatic BC?%® and other cancer types such as non-small-cell lung cancer?®’, and
pancreatic cancer?®®, In contrast to the free drug or individual HSA systems, HSA-based
denatured nanocarriers benefit from the EPR effect because of their increased size.?%°
Recently, also cell- or tissue-targeted delivery was achieved and marketed by
functionalization of monoclonal antibodies or recombinant proteins (Kadcyla®,
Ontak®).2’°
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Because TNBC shows a high growth rate often together with high grading, a
combination of therapy and diagnosis would be highly desirable to study the drug
delivery and tumor growth. In routine clinical diagnosis, MRl is the preferential method
because MRI is noninvasive with a high spatial resolution for soft tissue. While CT
requires radioactive contrast agents, MRI neither needs radiation nor causes other
health risks.?”?
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Figure 23 (A) Overview of the preparation of functionalized human serum albumin with Gd3* and
doxorubicin. (B) Details of the attachment of Gd3* and doxorubicin. (A-B) are adapted with permission
from Hafner, S.; Raabe, M.; Wu, Y.; Wang, T.; Zuo, Z.; Rasche, V.; Syrovets, T.; Weil, T.; Simmet, T. High-
Contrast Magnetic Resonance Imaging and Efficient Delivery of an Albumin Nanotheranostic in Triple-
Negative Breast Cancer Xenografts. Adv. Ther. 2019, 1900084.

Albumin-based NPs which allow MR/fluorescence imaging have been fabricated
before but there are still challenges for the treatment of cancer.?’272”> Mostly, the active
compound, such as drug or contrast agent, is attached to the NP by non-covalent
adsorption. This interaction is very vulnerable to unwanted leakage of the drug or
contrast agent during in vivo circulation causing serious problems like systemic toxicity.
Next to this, the concentration of the NP which is needed for the treatment of the cancer
differs often from that used for imaging. Concentrations suitable for treatment would
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provide a too low signal-to-noise ratio in imaging and vice versa, the optimal
concentration for imaging would cause a high toxicity due to the too high drug
concentration. Therefore, a nanocarrier system which balances drug load with contrast
agent load would be highly beneficial.

To the best of our knowledge there is no albumin carrier available for the treatment
of TNBC which enables diagnosis and therapy at the same time so far. Herein, we
designed an albumin-based nanocarrier which addresses therapy and diagnosis; Both,
the chemotherapeutic drug DOX as well as the contrast agent Gd(lll)-1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA) were attached covalently to the NP to
avoid leakage during in vivo circulation (see Figure 23A). DOX contains a pH-cleavable
hydrazone linker allowing release of the drug in the acidic endosomal or lysosomal
compartments of cancer cells (see Figure 23B). Furthermore, we evaluated the
nanocarrier in a TNBC xenograft bearing chick embryo model.

Native HSA contains a high number of functional groups which can be easily modified
by simple chemistry. There are high numbers of primary amino groups (—NH; = 60 per
HSA), carboxylic groups (—-COOH = 98 per HSA), and thiol groups (—SH = 35 per HSA, but
34 thiol groups are forming disulfide bonds). In the first step, we transferred all negative
charges of HSA into positive ones by adding ethylene diamine in high excess. During this
process almost all carboxylic groups were converted into primary amino groups as
confirmed by Maldi-Tof MS. This product as well as all following products were purified
by ultracentrifugation (molecular weight cut-off 30 kDa). The increased number of
amino groups allowed a higher number of functionalization and an enhanced cellular
uptake of the nanocarrier due to the interaction of the positive charges of the
nanocarrier with the negative charges of the cell membrane. Next, the cationized HSA
(cHSA) was PEGylated by adding NHS-activated PEG (2,000 Da). The PEG units increase
colloidal stability and prevent immune responses in vivo. In average 20 PEG units per
protein were introduced as shown in Maldi-Tof MS. To attach the contrast agent Gd(lll)
later on, we synthesized DOTA-NHS according to literature. DOTA-NHS reacted with the
PEGylated cHSA and in average 49 DOTA units were introduced as confirmed by Maldi-
Tof MS (see Figure 23B). Gd(lll) salt was added in high excess and the solution was
heated up to 60 °C to load the DOTA with Gd(lll). 44 of the 49 DOTA units were
successfully loaded with Gd(IIl) according to Maldi-Tof MS.

To keep the number of drug molecules as precise as possible, which is crucial for
dosing, we decided to attach the drug in a site-selective way. HSA possesses 35 cysteines
among which 34 form disulfide bonds in the native state. Previously, we have shown
that after denaturation and reduction of the disulfide bonds about 27-28 of the
cysteines are accessible for Michael reactions.?’® The remaining 7-8 cysteines are
sterically hindered because they are located closely to another cysteine. To attach the
drug DOX, we synthesized the (6-maleimidocaproyl)hydrazine of DOX, a pH-cleavable
hydrazine linker, which connects DOX to a maleimide group according to literature (see
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Figure 23B). The modified HSA was denatured in 5 M urea buffer and the disulfide bonds
were reduced by adding TCEP. To prevent oxidation, the buffer was degassed and the
reaction was carried out under argon. About 27 DOX units were introduced according to
Maldi-Tof MS.

After exchanging the denaturation buffer to Dulbecco's phosphate-buffered saline
(50 mM, pH 7.4) the nanocarrier formed spherical structures as visualized by TEM. The
determined diameter of the nanocarrier was 99.2 nm % 17.7 nm (n=66) in average
calculated from TEM and 87.8 nm * 2.3 nm (n=3, PDI = 0.31 + 0.05) calculated from DLS.
According to literature, nanocarriers with a diameter of 100 nm benefit from the EPR

effect but do not show a too fast clearance by the reticuloendothelial system.?”’

To enable MRI with a high signal-to-noise ratio, we investigated the relaxivity of the
attached Gd(lll). The relaxivity is a measure of the image-enhancing capability of a
contrast agent and is proportional to the longitudinal (1/T1) or transverse (1/T2)
relaxation rate. Gadolinium is a positive contrast agent and therefore enhances the T1
relaxation rate of water. The relaxivity is affected by three factors as described by the
Solomon-Bloembergen-Morgan equation; (I) number of inner-sphere water molecules
(9), (1) the water residence time (tm), and (Ill) the tumbling rate (1/t/).2’® While it is more
sophisticated to change the first two factors, it is known that attaching the Gd(lll) to
macromolecules slows down tm which, in turn, enhances the image.?’”° The relaxivity was
determined by measurement of the relaxation rate at different Gd(lll) concentrations.
As expected, in contrast to the relaxivity of the clinically used contrast agent
MultiHance® (4.6 MM s1), our nanocarrier revealed significantly enhanced relaxivity
(13.75 mM? s1), The increased relaxivity is comparable to other gadolinium-based

macromolecular complexes.280.281

Next, we explored the cellular uptake and cytotoxic effect of our nanocarrier in MDA-
MB-231 breast cancer cells. After incubating cells with our nanocarrier for 1 h, we could
show successfully cell uptake of the nanocarrier by fluorescence microscopy following
the emission of DOX. Cell viability was studied after incubation of cells with the
nanocarrier and free DOX for 24 h, 48 h, and 72 h. At 72 h, the ICso value of our
nanocarrier (77.5 nM) was slightly increased compared to free Dox (17.9 nM) but still in
the nanomolar range.

The chorioallantoic membrane (CAM) of fertilized chick eggs is an attractive
preclinical in vivo model because it enables fast screening of substances and represents
an intermediate form between isolated, cultured cells, and animal experiments (see
Figure 24A). In addition, data obtained from the CAM model correlate strongly with data
received from mice experiments.?82283 MDA-MB-231 xenografts were grown on the
CAM of fertilized chick eggs to investigate the accumulation of the nanocarrier in tumor
xenografts (see Figure 24A). In MRI, the nanocarrier showed a higher signal-to-noise
ratio in tumor tissue compared to the clinical standard MultiHance® between 1 hto 15 h
after injection (see Figure 24B). After 35h, no contrast enhancement was visible
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anymore. We did not see any contrast enhancement in other organs which proofs that
the nanocarrier only accumulated in the tumor tissue. Furthermore, we determined the
concentration of Gd(lll) in the tumor tissue, liver, and blood plasma by inductively
coupled plasma-optical emission spectrometry 6 h after intravenous injection. A high
Gd(lll) concentration was only determined in the tumor tissue but neither in the liver
nor the blood plasma supporting the data from MRI.

Before we studied the therapeutic effect of our nanocarrier, we proofed that the
embryo survival is not affected by the nanocarrier. We injected either a low dose
(0.03 umol/kg) or a high (0.09 umol/kg) dose of the nanocarrier into chick embryos. In
addition, chick embryos were treated with equimolar concentrations of free DOX or a
physiological sodium chloride solution as control. Chick embryos treated with the
nanocarrier showed a high survival rate even at high dose (low dose: 95% and high dose:
77%). In contrast, free DOX revealed significant lower chick embryo survival rate (low
dose: 66% and high dose: 59%).
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Figure 24 (A) MDA-MB-231 xenograft on the chorioallantoic membrane (first and third pictures from left),
intravenous application of the nanocarrier (second from left) and xenograft after collection (forth from
left). (B) Magnetic resonance images of representative breast cancer xenografts before and after
intravenous injection of MultiHance (first row) or the nanocarrier (second row) and the same tumors after
histochemical preparation. (C+D) Representative pictures of luminescent tumors in vivo (C) and mean
luminescence of MDA-MB-231 cancer xenografts 72 h after treatment (D) with doxorubicin or the
nanocarrier. (A—D) are adapted with permission from Hafner, S.; Raabe, M.; Wu, Y.; Wang, T.; Zuo, Z,;
Rasche, V.; Syrovets, T.; Weil, T.; Simmet, T. High-Contrast Magnetic Resonance Imaging and Efficient
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Delivery of an Albumin Nanotheranostic in Triple-Negative Breast Cancer Xenografts. Adv. Ther. 2019,
1900084.

Often therapeutic and diagnostic applications of nanocarriers are hindered because
different concentration of the nanocarrier are required. Hereby, mostly the
concentration which is required for imaging shows high toxicity. However, our
nanocarrier showed a high chick embryo survival rate at a comparable concentration
which showed high contrast in MRI (0.09 umol/kg of the nanocarrier for the chick
embryo survival study, 0.08 umol/kg of the nanocarrier for MRI).

Next to the diagnostic potential, we investigated the therapeutic potential of our
nanocarrier. The transparency of the CAM enables easy observation of the tumor
growth in vivo. We used a xenograft which consist of luciferase-expressing MDA-MB-
231 cells (see Figure 24C). The tumor growth can be easily visualized by addition of D-
luciferin. The bioluminescence was recorded using an in vivo imaging system (IVIS). The
averaged bioluminescence intensity was significantly reduced of xenografts treated with
our nanocarrier compared to DOX or the control (see Figure 24C+D). We confirmed the
results by immunohistochemical analysis. Ki-67, a cell proliferation marker, indicates the
mitotic phase of the cell cycle and is absent in resting Go cells. In addition, K-67
expression was defined as an indicator for lower disease-free and overall survival in a
study including 3,500 breast cancer patients. In our work, the nanocarrier treated
xenograft showed significantly reduction of the K-67 positive cells compared to
treatment with DOX or the control. Furthermore, TUNEL staining, a marker for apoptotic
cells, revealed that the nanocarrier and DOX induced an apoptotic effect in breast cancer
xenografts.

In summary, we designed a nanocarrier based on cationized and PEGylated albumin
containing 44 Gd(lll) units providing high-contrast MRI. In addition, 27-28 DOX units
were attached which are released in the acidic compartments of cancer cells due to a
pH-cleavable hydrazone linker yielding in high toxicity (ICso 77.5 nM). In vivo, our
nanocarrier showed enrichment only in the breast cancer xenografts and reduced the
proliferation Ki-67-positive fraction in breast cancer xenografts.

Furthermore, we were able to allow cancer treatment and diagnostic at the same
concentration of the nanocarrier with a high signal-to-noise in imaging and a high
survival rate of chick embryo.

All results are presented and discussed comprehensively in the manuscript (chapter
6.3).2%4
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3.4 Functional L.-DOPA Coating of Fluorescent Nanodiamonds Enabling
Photothermal Applications in Cells

In the previous publications, we showed the unique properties of FNDs regarding
imaging in vitro and in vivo. For these purposes, we used a bioinspired protein-based
coating which prevented aggregation and enhanced cellular uptake. However, this
coating is driven exclusively by non-covalent adsorption which strongly depends on the
surface of the FND. Therefore, batch-to-batch variations of FNDs are affecting the
coating quality and the reproducibility of the coating using different sources of FNDs
without continual optimization.
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Figure 25 Schematic illustration of the polymerization of L-3,4-dihydroxyphenylalanine on the surface of
nanodiamonds and further post-modification with transferrin and indocyanine green. Adapted with
permission from Harvey, S.; Raabe, M.; Ermakova, A.; Wu, Y.; Zapata, T.; Chen, C.; Lu, H.; Jelezko, F.; Ng,
D. Y. W.; Weil, T. Transferrin-Coated Nanodiamond-Drug Conjugates for Milliwatt Photothermal
Applications. Adv. Ther. 2019, 1900067.

To overcome these limitations, we were interested in designing a covalently bound
coating. Nature offers an exemplary strategy to coat various surfaces. Dopamine, a
bioinspired building block derived from mussel foot proteins, showed outstanding
coating behaviors of different materials by self-polymerization as firstly reported by the
group of Messersmith.?® In the following years, dopamine found many applications in
coating of surfaces or particles, and fabrication of membranes using different
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polymerization methods such as dip-coating or electro-polymerization.?®® Next to
dopamine, these properties were also observed for .-DOPA and norepinephrine. Post-
functionalization after the coating is easy due to the presence of many functional groups

285287 Recently,

including amines, alcohols, and conjugated Michael acceptors.
polydopamine has been demonstrated as a potential coating for NDs.”%?28 |n contrast to
dopamine, L-DOPA contains an additional carboxylic acid group resulting in a higher
hydrophilicity of poly(L-DOPA).?8%2%0 |n this work, we demonstrated that L-DOPA does
not only act as a diverse coating for FNDs from different commercial sources (FND
Biotech, Microdiamant) but also implements photothermal applications in addition to

the optical properties of the FNDs.

We used NV~ containing FNDs with an average size of 35 nm in diameter to ensure a
small enough particle size after coating for further cellular studies. The polymerization
of dopamine or L-DOPA was initiated by sodium periodate in MilliQ water to avoid
destabilization of the FND by buffer salts (see Figure 25). In our experiment, FNDs were
dispersed in MilliQ water under sonication followed by the addition of L-DOPA or
dopamine reaching a final concentration of 1-10 mM of the catecholamine. The mixture
was heated up to 55 °C and sonicated for 5 min. Next, we added a freshly prepared
sodium periodate solution (0.5 equiv. compared to catecholamine). Afterwards, the
solution was heated up to 55 °C again and shaken for additional 15 min. The coated
FNDs were purified by ultracentrifugation.

FNDs coated with L-DOPA showed a good colloidal stability in contrast to dopamine
coated FNDs which exhibited a high degree of aggregation, lower polymerization
efficiency, and poorer aqueous stability. We assume that this is due to the additional
carboxylic group of L-DOPA and, resulting from that, a higher hydrophilicity. The
applicability of our coating methodology was confirmed by TEM testing three different
batches and two different commercial sources of FNDs (FND Biotech, Microdiamant). All
FNDs were clearly coated and were well distributed over the TEM grid. We further
investigated the coating by DLS, X-ray photoelectron (XPS), Raman, and Fourier-
transform infrared spectroscopy (FT-IR) spectroscopy which all proofed the successful
coating among our FND sources.

In addition, we were able to control the thickness of the poly(L.-DOPA) coating by
varying the concentration of the monomer. The thickness of the coating varied linearly
from 3—15 nm using concentrations of L-DOPA between 1-10 mM. We characterized the
thickness of the coating by TEM and DLS (see Figure 26A). Furthermore, we investigated
the molecular composition and bond formation of the L-DOPA coated FNDs with a shell
thickness of 15 nm. XPS revealed the characteristic signals from the C—N-C, C=N—-C
demonstrating the cyclization of L-DOPA.

The polymerization of L-DOPA follows a radical mechanism. Because the NV~ centers
could be affected by this process it is essentially to control the magnetic properties of
the FNDs. We investigated FNDs with two different thicknesses of the coating (3 nm and
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15 nm). Spectra were recorded on a home-build confocal microscope with excitation
light at 515 nm and 532 nm. The coated FNDs revealed a unique background signal
triggered by the poly(L-DOPA) shell. The intensity of the background signal was strongly
related on the thickness of the coating but the zero photon lines of the NV~ and NV°
centers were clearly visible. In addition, a decrease in the initial intensity proportional
to the thickness of the coating was observed caused by the broadband absorbance of
the polycatecholamine. Interestingly, the fluorescence intensity increased by 60%
compared to the initial excitation and reached a saturation level after a few minutes.
Even after a few hours in darkness, the high level of fluorescence was stable which
allows more sophisticated imaging with FNDs without double counting of the same
particle. For sensing applications, the charge state of the NV center is crucial because
only the NV~ center can be used. ODMR is the standard technique to measure the charge
of NV centers. The ODMR spectra proved the presence of NV~ centers in poly(.-DOPA)
coated FNDs. The decreased ODMR contrast is caused by the background light of the
poly(L.-DOPA) layer.
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Figure 26 (A) Transmission electron microscopy images of poly(L-DOPA) coated nanodiamonds indicating
the control of the thickness of the shell using different cencentrations of L-DOPA monomer. Scale bar =
0.1 um. (B) Temperature increase of different nanodiamond samples after irradiation (810 nm lamp;
1 W/cm?). (C) Live and dead staining (10 x) of Hela cells incubated overnight with imaged 4 h after 15 min
irradiation with 810 nm lamp, 4 W/cm?. Sharp border observed between live (green) and dead (red) cells.
Scale bar = 100 um. (A—C) are adapted with permission from Harvey, S.; Raabe, M.; Ermakova, A.; Wu, Y.;
Zapata, T.; Chen, C.; Lu, H.; Jelezko, F.; Ng, D. Y. W.; Weil, T. Transferrin-Coated Nanodiamond-Drug
Conjugates for Milliwatt Photothermal Applications. Adv. Ther. 2019, 1900067.
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Polycatecholamines are excellent energy absorbers from UV up to NIR light due to
oligomeric and polymeric structures. The absorbed light is transferred into heat with
high efficiency enabling applications as photothermal agents. Especially photothermal
agents which are working in the NIR range are of high interest due to the low absorption
by the body. We showed that poly(.L-DOPA) coated FNDs exhibited enhanced
photothermal effect compared to uncoated FNDs after irradiation at 810 nm resulting
in a 10-fold increase in temperature (see Figure 26B). We have chosen coated FNDs with
a poly(L.-DOPA) thickness of 7 nm for further experiments to balance between the
photothermal effect and the fluorescence intensity. We used the L-DOPA coating to
homogenize FNDs and to enable easy post-functionalization. To proof post-
functionalization, we used proteins to stabilize the poly(L-DOPA) coated FNDs further
and to add biologically active functionalities. An important criterion of proteins is their
conserved 3D structure which is important for the activity and must not be changed
during the adsorption to surfaces.

Human transferrin (79.5 kDa) is a heme containing protein which binds and
transports iron through transferrin receptors located in the membrane of many
mammalian cell lines. Therefore, transferrin is often used to enhance the cellular uptake
of NPs. We directly loaded the transferrin onto our poly(L-DOPA) coated FNDs benefiting
from the amine-reactive Michael acceptors of the quinone moieties which are formed
during polymerization (see Figure 25). The unbound protein was removed by
ultrafiltration. After loading transferrin, the hydrodynamic diameter increased from
125 nm to 155 nm indicating successful coating of the protein. In addition, we proved
the coating by FT-IR.

We evaluated the influence of transferrin to induce receptor-mediated uptake using
an A549 lung adenocarcinoma cell line. Imaging by CLSM revealed efficient receptor-
mediated uptake of the transferrin modified poly(.-DOPA) coated FNDs (Tf-FND) in
contrast to uncoated FNDs or the precursor poly(L-DOPA) coated FND. In the next step,
we attached ICG, a FDA approved small dye with excellent photothermal properties,
onto Tf-FND (see Figure 25). ICG was loaded onto the Tf-FND by incubation overnight in
dark followed by removal of free dye through ultrafiltration. We determined the amount
of bound ICG by its specific absorbance at 400 nm and found that the loading was 180%
by mass compared to the FND. In this way, a high local concentration of ICG was
provided which could enhance the photothermal effect of poly(L.-DOPA) coated FNDs.
We explored the photothermal effect by using an 810 nm irradiation. ICG loaded Tf-FND
(ICG-Tf-FND, AT=13.9 °C) showed a 120% and 12% improvement in temperature
compared to poly(L.-DOPA) coated FND (AT=6.4 °C) and ICG (AT=12.4 °C) after 20 min of
irradiation. ICG-Tf-FND revealed a difference in the temperature profile compared to
free ICG although the absolute ICG concentration were the same. This effect was
observed before in hollow inorganic NPs and NP clusters.?°%2°2 After 24 h incubation of
ICG-Tf-FND in cell media, we observed a negligible release of ICG (<5%) which
demonstrated the strong interaction.
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Finally, we investigated the photothermal effect in mammalian cancer cells (HelLa and
A549). We compared the cellular uptake of ICG-Tf-FND and free ICG by confocal
microscopy imaging the fluorescence signal of ICG (ex. 561 nm, em. 750-800 nm). ICG-
Tf-FND showed a receptor-mediated uptake and was localized in endosomes without
any leakage of ICG, whereas free ICG was diffusing throughout the whole cell and even
ended up in the nucleus. To proof the photothermal effect we used a 810 nm lamp
(200 mW) which was focused onto the cells by a fluorescence microscope. Depending
on the magnification of the objective (10x, 20x, 40x) we were able to change the
intensity of the light beam. Simultaneously, we recorded bright field images every 20 s
to investigate morphological changes of the cells. Several light intensities (0.09 W/cm?,
0.4 W/cm?, 4.0 W/cm?) were used to study the optimum parameters for photothermal
induced cytotoxicity within 15 min. Efficient and fast cell rounding was visually observed
at light intensities of 0.4 W/cm? and 4.0 W/cm?2. However, even at very low light
intensities (0.09 W/cm?) cell rounding was detected after 10 min. This is remarkable
considering that the previously reported ICG-polydopamine-ND systems required light
intensities of 2 W/cm?. Next to alterations in the cell morphology, we performed
dead/live staining using fluorescein diacetate/propidium iodide which further
demonstrated the spatial control of the light induced cell death (see Figure 26C). The
controls, Tf-FND and FND+ICG mixture, showed no morphological changes upon
irradiation at any light intensities.

In summary, we presented a hierarchical design of a FND-based theranostic which
benefits from the optical properties of the FND and the photothermal effect of poly(L-
DOPA). The poly(L.-DOPA) served as a sticky coating which enabled protein adsorption
without effecting their activity. In addition, we loaded ICG onto the poly(L.-DOPA) to
increase the photothermal effect in vitro. The poly(L.-DOPA) coating did not effect the
magnetic properties of the NV~ centers which is crucial for sensing applications in future.
In comparison to other ND-based systems, our system showed effective photothermal
effect at least at a ten times lower intensity (Y90 mW/cm?) in vitro.

All results are presented and discussed comprehensively in the manuscript (chapter
6.4).”°
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4. Conclusion and Outlook

Within this thesis, two bio-inspired coating systems were presented. The first coating
strategy is based on the protein corona formation in Nature where proteins are non-
covalently adsorbed to NPs. Starting from the blood plasma protein HSA, we designed a
coating material which is easy to functionalize. To promote the electrostatic interactions
between the proteins and the negatively-charged FND surfaces, all negatively-charged
amino-acid side chains of HSA were transferred into positively. Furthermore, the
proteins were PEGylated and denatured to increase their stability and flexibility.
Moreover, this coating strategy offers chemical versatility in that different
functionalities could be introduced easily via reactions with the high number of chemical
groups, e.g. amines and carboxylic acids, which are present on the surface of HSA. For
example, we attached small molecular dyes for multi-color imaging, introduced chelator
molecules to bind Gd3* ions, a contrast agent for MRI, or connected the drug doxorubicin
via a pH-responsive linker. In the three publications presented in this thesis dealing with
the protein coating (chapter 3.1-3.3)114116.284 \ye explored the applicability of FNDs
coated through different modifications of HSA in biological models to investigate their
cellular fate, as well as developed various bioimaging methods. In cells, we investigated
the behavior of coated FNDs by CLEM and EFTEM. Coated FNDs showed a strong uptake
and accumulated mostly in intracellular vesicles. The dense structure of the FND core
allowed to perform TEM tomography of FND clusters and to visualize these clusters in
3D in such a high resolution that individual FNDs in a cluster could be distinguished. For
the first time, we managed to image single FNDs which were not part of a cluster by
EFTEM. Using this method, the visualization of a single FND uptake as well as the
identification of single FNDs in a mitochondrion was made possible. This publication
revealed the ideal properties of coated FNDs for CLEM and EFTEM. Therefore, coated
FNDs functionalized with targeting groups such as peptides, antibodies or nanobodies
could function as ideal intracellular markers in future which would allow imaging by
fluorescence, super-resolution, and electron microscopy. However, there are still some
obstacles to overcome before coated FNDs can be applied as markers in future. The
protein coating stabilized the FNDs and promoted their uptake but most of the coated
FNDs were trapped in intracellular vesicles where target groups could not bind to
ligands. Therefore, it is absolutely necessary to ensure release of coated FNDs from
endosomes first. One possibility to enhance release of the endosome is to use photo-
induced endosomal escape.?®® Our group??® has already shown that ruthenium
complexes can be introduced to HSA. Upon laser irradiation, the ruthenium complex
produced singlet oxygen which was toxic for cells in high dose especially when the HSA
modified with a ruthenium-complex-modified was targeted to the mitochondria.
However, in lower dose the singlet oxygen should not be toxic for the cell but could
serve to destroy endosomes and to promote endosomal release of coated FNDs.
Another benefit of singlet oxygen is its paramagnetic property which would allow to
sense the spin of singlet oxygen by FNDs using magnetic relaxometry.
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We also investigated the applicability of the protein coating for in vivo studies. Firstly,
we showed that protein coated FNDs were taken up by endothelial cells and neuronal
cellsin a 2D cell culture and that FNDs crossed the BBB in an in vitro model. Afterwards,
coated FNDs were injected into mice to investigate their behavior and a possible
transport through the BBB in vivo. Mice were sacrificed and slices of organs were
analyzed by fluorescence microscopy. Multi-color fluorescence microscopy imaging was
enabled by labelling the protein coating material with a small dye. Colocalization of the
fluorescence signals of FNDs and labelled coating protein revealed the stability of the
coating material in vivo. Furthermore, FND were visualized by the reflection mode of a
CLSM. Coated FNDs were clearly identified in brain tissue slices proofing the transport
through the BBB in vivo. These data revealed the stability of the coating in vivo and the
promising role of FNDs as imaging agent in mice. However, there are two major
requirements which must be fulfilled to implement FNDs as imaging tools in vivo. Firstly,
the imaging quality must be improved to allow live imaging in mice even at a deeper
penetration depth. Secondly, targeting groups must be attached to the coating of FNDs
to guide them to specific areas of the mice such as abnormal tissue.
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addition of radioactive ions, coated NDs were injected into mice or chick embryos. (A) Biodistribution
analysis of ®8Ga-labelled NDs in a mouse by positron-emission tomography (PET) revealed a clear
localization in liver and spleen. (B) Biodistribution analysis using PET imaging of Zr-labelled NDs in the
chick chorioallantoic membrane xenograft model showed a clear locally restricted enrichment. (C) The
superposition of the PET data with the high-resolution anatomical information of the magnetic resonance
imaging made it possible to identify the enriched regions as the liver and heart of the embryo. (D)
Schematic illustration of site-selective re-bridging of a protein with a tetrazine-modified linker. Ultra-fast
click reaction is performed after addition of trans-cyclooctene (TCO)-modified dyes, proteins or
polyethylene glycol chains. (D) is reprinted with permission of Xu, L.; Raabe, M.; Zegota, M. M.; Nogueira,
J. C. F.; Chudasama, V.; Kuan, S. L.; Weil, T. Site-Selective Protein Modification via Disulfide Rebridging for
Fast Tetrazine/Trans -Cyclooctene Bioconjugation. Org. Biomol. Chem. 2020, 18 (6), 1140-1147. CC BY
3.0, https://creativecommons.org/licenses/by/3.0.
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As discussed in the introduction, hyperpolarization of FNDs could pave the way for
MRI in future. However, so far polarization protocols are still very sophisticated and the
time during which FNDs are polarized and therefore visible for MRI is too short for in
vivo measurements. To investigate the biodistribution of FNDs in mice by MRI
beforehand, we designed a protein coating which was functionalized with a contrast
agent for MRI. The chelator agent DOTA was attached to the coating proteins and
subsequently Gd3* ions were loaded into the chelator. Furthermore, the coating proteins
were site-specifically modified by attaching doxorubicin to the thiol groups of cysteines.
A pH-responsive linker allowed release of the drug under acidic conditions such as in the
tumor environment. Without FNDs these proteins formed spherical nanocarriers. The
successful therapeutic effect and the high contrast in MRI was revealed in TNBC bearing
chick embryos. After showing the proof-of-principle, these modified proteins will be
used to coat FNDs by non-covalent adsorption in future. This will allow to study the
biodistribution of coated FNDs by MRI before the polarization protocols are more
applicable for bioimaging. To further investigate and explore bioimaging in future, we
have started to develop a coating material which can be radiolabeled to enable PET
imaging. Benefiting again from the fact that the coating proteins are easy to
functionalize, we attached the chelator deferoxamine (desferal). After coating of FNDs
with the functionalized proteins by adsorption, 8Zr or ®8Ga ions were bound by
deferoxamine. The radiolabeled FNDs were injected into mice or chick embryos to
investigate their biodistribution by PET and MRI (Figure 27A—C).

However, these coated materials do not enable any specific targeting so far. The
overarching goal is to use hyperpolarized FNDs for MRI in future. Because the process
of hyperpolarization could be detrimental for sensitive targeting groups such as
antibodies, the concept to perform the hyperpolarization before attaching the targeting
groups was conceived. In order to achieve this, the major consideration is the short time
of polarization of FNDs which is in the range of tens of minutes. Therefore, an ultrafast
chemistry is required for attaching targeting groups to FNDs. One of the most promising
reactions is the inverse electron demand Diels-Alder reaction of 1,2,4,5-tetrazine and
trans-cyclooctene because of the fast reaction kinetics and excellent orthogonality. We
have shown that we can site-selectively modify targeting groups (antibody fragment and
somatostatin) with a tetrazine group via disulfide rebridging (Figure 27D). The modified
antibody fragment and somatostatin retain bioactivity after chemical modification.
Furthermore, we showed that the reaction of the site-selective modified targeting
groups and a trans-cyclooctene bearing PEG or dye was possible. The publication is
reprinted in chapter 6.5. In future, this allows us to quickly functionalize trans-
cyclooctene bearing FNDs with targeting groups which were site-selectively modified
with a tetrazine group. The proof that FNDs can be functionalized by this click chemistry
was shown recently by the group of Shenderova?®*.

To sum up the experiences of the protein coating, following advantages were figured
out:
86



+ coating proteins can be easily chemically functionalized and offer a chemical
versatility of reactive groups

+ coating proteins can be characterized in detail before adsorption onto NDs

+ coated NDs were applicable in different living systems using various imaging
techniques

+ coated NDs showed strong cellular uptake which is beneficial for imaging

+ coated NDs crossed the BBB in vivo

The following disadvantages of the protein coating were revealed:

— coated NDs were mainly trapped in the cellular endosome

— coated NDs showed strong cellular uptake which might hinder targeting
delivery

— stability of protein coating in vivo still needs to be studied further

— thick coating which is not suitable for sensing applications

As part of this thesis, we also reported the design of poly(L.-DOPA) coated FNDs and
their application in photothermal therapy.”> The self-polymerization of L-DOPA on the
surface of FNDs was inspired by mussel foot proteins in Nature. In contrast to the protein
coating, L-DOPA polymerization allowed to tune the thickness of the shell around FNDs
from a few up to tens of nm. Furthermore, poly(L-DOPA) showed a photothermal effect
upon irradiation with an infrared laser. After loading of ICG and transferrin to increase
the photothermal effect and to induce targeting, a high cytotoxic effect was revealed
for Hela cells even at a low power of the laser. These poly(L.-DOPA) coated FNDs are also
interesting candidates for photo-induced endosomal release because without ICG they
showed only a weak photothermal effect which did not kill cells but could be strong
enough to lead to endosomal release. In combination with CLEM, the release of the
coated FND from endosomes or the damage of cell organelles induced by the
photothermal effect of the coated FNDs could be studied. Furthermore, NV~ or better
SiV containing FNDs would allow to measure the increase in temperature in nanoscale
by ODMR or fluorescence spectroscopy. That NV~ containing FNDs which were coated
by poly(L.-DOPA) preserve their sensing properties was proven in our publication by
ODMR spectroscopy.’ This could pave the way for not only correlative microscopy but
also to combine temperature mapping of a cell in nanoscale and subsequently merging
this map with images from fluorescence and electron microscopy to gain a detailed
information about the position of the FNDs as well as the effect of the temperature
increase.

To sum up the experiences of the poly(L.-DOPA) coating, following advantages were
figured out:

+ thin coating which allows to tune the thickness in nanometer scale
+ possesses a photothermal effect
+ does not harm the magnetic properties of FNDs
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+ easy to post-functionalize
The following disadvantages of the poly(.-DOPA) coating were revealed:

— needs further modification to prevent aggregation
— the photothermal effect is not strong enough to kill cells
— quenching of the fluorescence of the NV centers in FNDs

| would like to use the last paragraph to make some final remarks about the quality
of NDs and how this influences the coating of NDs and their applications in biomedicine,
imaging, and sensing. Even though we presented two coating strategies which could be
applied broadly across different fields, batch-to-batch variations of NDs remain a
problem. Variations in different batches of commercially available NDs can include
shape and size, surfaces properties, as well as the number of NV centers per ND.
Especially the surface properties are very important for further coating techniques and
coating protocols need to be adjusted to every new batch of NDs if the surface
properties differ too much. This is a huge drawback considering that biomedical
treatments demand standardized protocols. Furthermore, it is aggravated by the fact
that primary post-functionalization techniques of NDs are limited. Commercially
available NDs are usually air and acid oxidized but still show significant differences from
batch to batch. Another problem is the strongly decreasing number of NV centers for
smaller commercial NDs (<30 nm). So far this hinders fluorescence imaging in vivo due
to the weak brightness of these NDs. SiV containing NDs could enable imaging in vivo
because of their infrared-shifted emission but up to now these NDs are of bad quality
and show strong quenching upon laser irradiation. Finally, sensing applications are
aggravated because FNDs possess different shapes, sizes, and numbers of NV~ centers.
In addition, most of the coating shells are too thick and thus the distance between the
NV~ centers and the analyte is too long. Therefore, deeper studies of the ND synthesis
and primary post-functionalization are essential to improve coating strategies and
guarantee that coating strategies are applicable for different ND batches.
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Abstract:

Fluorescent nanodiamonds (fNDs) represent an emerging class of nanomaterials
offering great opportunities for ultrahigh resolution imaging, sensing and drug delivery
applications. Their biocompatibility, exceptional chemical and consistent photostability
renders them particularly attractive for correlative light-electron microscopy studies
providing unique insights into nanoparticle-cell interactions. Herein, we demonstrate a
stringent procedure to image and quantify fNDs with a high contrast down to the single
particle level in cells. Individual fNDs were directly visualized by energy-filtered
transmission electron microscopy, that is, inside newly forming, early endosomal
vesicles during their cellular uptake processes as well as inside cellular organelles such
as a mitochondrion. Furthermore, we demonstrate the unequivocal identification,
localization, and quantification of individual fNDs in larger fND clusters inside
intracellular vesicles. Our studies are of great relevance to obtain quantitative
information on nanoparticle trafficking and their various interactions with cells,
membranes, and organelles, which will be crucial to design-improved sensors, imaging
probes, and nanotherapeutics based on quantitative data.
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ABSTRACT: Fluorescent nanodiamonds (fNDs) represent an emerging class of nanomaterials offering great opportunities for
ultrahigh resolution imaging, sensing and drug delivery applications. Their biocompatibility, exceptional chemical and consistent
photostability renders them particularly attractive for correlative light-electron microscopy studies providing unique insights
into nanoparticle-cell interactions. Herein, we demonstrate a stringent procedure to image and quantify fNDs with a high
contrast down to the single particle level in cells. Individual fNDs were directly visualized by energy-filtered transmission
electron microscopy, that is, inside newly forming, early endosomal vesicles during their cellular uptake processes as well as
inside cellular organelles such as a mitochondrion. Furthermore, we demonstrate the unequivocal identification, localization,
and quantification of individual fNDs in larger fND clusters inside intracellular vesicles. Our studies are of great relevance to
obtain quantitative information on nanoparticle trafficking and their various interactions with cells, membranes, and organelles,
which will be crucial to design-improved sensors, imaging probes, and nanotherapeutics based on quantitative data.

KEYWORDS: Correlative light-electron microscopy, energy-filtered transmission electron microscopy, nanoparticle quantification,
nanodiamond, particle-cell interactions

uring the past decades, nanoparticles have transformed

biomedicine as traceable drug carriers and sensitive
probes for therapy and diagnostics." They have provided
important insights into diseases and serve as a valuable
platform for imaging and therapy of, for example, cancer cells
and tissue in (pre)clinical studies.” To further advance
nanomedicine approaches and to avoid risks of nanoparticle-
induced toxicity, a deeper understanding of nanoparticle-cell
interactions”* during their cellular uptake processes,™ intra-
cellular release, and trafficking’ is crucial. Light microscopy
(LM) and transmission electron microscopy (TEM) have been
applied to visualize nanoparticle—cell interactions. However,
classical LM is limited by the wavelength of light and does not
provide resolution beyond the diffraction limit (~200 nm).”

-4 ACS Publications  © 2019 American Chemical Society
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Super-resolution techniques such as stimulated emission
depletion (STED), stochastic optical reconstruction micros-
copy (STORM), photoactivated localization microscopy
(PALM), or super-resolution optical fluctuation imaging
(SOFI) enabled resolutions down to the nanometer scale”'’
but these optical imaging techniques require very photostable
fluorescent markers. Super-resolution microscopy techniques
like STED provide spatial resolution of 40 nm in HeLa cells,
which is still about 100 times lower compared to the resolution
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in-resin CLEM

in-dish CLEM

Figure 1. Correlative light-electron microscopy (CLEM) of fNDs in HeLa cells showing the results of the in-resin (top) and in-dish (bottom)
preparation. (a) Confocal laser scanning microscopy (CLSM) of fNDs (red) and nucleus (blue, Hoechst) on ultrathin section (120 nm nominal
thickness). (b) Transmission electron microscopy (TEM) of the same section as in (a). (c) Overlay of (a,)b). (d) A selected image (of LM stack)
with fNDs (red) and nucleus (blue, Hoechst) of a paraformaldehyde (PFA) fixed HeLa cell. (e) Corresponding epoxy resin section of the same cell
as shown in (d) and the resulting CLEM overlay (f). Scale bar: (a—c) 2 um, (d—f) S pm. The white boxes denoted in (c) refer to the areas
displayed in Figure 3, and the box denoted in (f) refers to the area shown in Figure 2.

of TEM (below 1 nm) and surrounding structures could not
be imaged.'"'> In contrast, electron microscopy provides
morphological visualization at unmatched resolution without
the need to apply specific marker molecules. Recently,
correlative light-electron microscopy (CLEM) has emerged
as the method of choice to gain unique insights into exo- and
endogenous cellular structures and to precisely localize
endogenous proteins'"'>'* or nanoparticles with high
resolution providing important information on, for example,
transporter trafficking'® and membrane uptake.'®'” Quantum
dots (QDs) and gold nanoparticles have been applied as
imaging probes for CLEM but they are limited by their weak
fluorescence,'® blinking problems of QDs,"? and their inherent
cytotoxicity, raisin% various concerns for long-term in vitro and
in vivo studies.”””

Fluorescent nanodiamonds (fNDs) have emerged as
promising and biocompatible’” imaging probes in LM, and
they have been used for traceable drug delivery as well as
nanoscale-sensing applications.”” These carbon-based nano-
particles with nitrogen vacancy (NV~) defect color cen-
ters>~>® provide stable fluorescence without blinking, which
represents an ideal prerequisite for single-particle tracking””’
and super-resolution studies™ in cells. In addition, the unique
magneto-optical properties of NV~ centers in diamond allow
sensing of local magnetic fields,* ternp<arature,30_32 electric
potentials,”® and pH value® with high sensitivity in living cells.

We have established a straightforward imaging approach
using high-precision CLEM and dark-field energy filtered
transmission electron microscopy (EFTEM) to localize fNDs
in cells down to the single particle level. Until now, single {ND
tracking remained challenging®*™® and only information on
their approximate location and tracking paths was resolved. In
previous work, image quality of NDs in CLEM studies was
limited due to the weak contrast of the all-carbon composition
of the diamond lattice, which has a similar chemical
composition as the resin matrix used in EM preventing
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imaging of individual fNDs*”*® due to their low contrast
within cells.**™** Attempts to increase contrast and detect-
ability in EM and/or LM focused on labeling of the {NDs by
gold nanoparticles’” or by coating with a silica shell.”®

Herein, dark-field contrast enhancement provided high
image quality with greatly enhanced contrast suitable for
resolving unlabeled single fNDs during their cellular uptake
process and within cellular organelles for the first time. In a
first demonstration experiment, the number of fNDs inside an
endosomal vesicle was quantified. We envision that the
technique developed herein will provide quantitative under-
standing of the various interactions of nanoparticles with cells
and ultimately pave the way to a rational design of nanoscale
markers, sensors, and reliable and reproducible nanotherapeu-
tics.

After synthesis, fNDs strongly aggregate in aqueous buffer
due to their high number of negatively charged surface groups.
Therefore, uncoated fNDs could not be used as single particle
probes for cellular studies, and fND surface coating is essential
to stabilize them in cellular environments. Herein, fNDs with
35 nm mean-diameter have been used whose surface was
oxidized under harsh conditions in oxidizing acids (Figure
S1d) and their dispersibility was enhanced in Milli-Q water at
low concentrations (0.1 mg/mL) by ultrasonification. We have
developed previously a copolymer derived from the blood
plasma protein human serum albumin (dcHSA-PEG(2000),,),
termed dcHSA-PEG, containing multiple positively charged
primary amino groups and grafted poly(ethylene oxide) side
chains (for further details see SI, Figure Slc; the synthesis of
this polymer was reported before*"**) that readily adsorbed to
the surface of fNDs. Coated fNDs were purified by
centrifugation (18 000Xg) and separated from the unbound
biopolymer. After coating with dcHSA-PEG, the surface
charges changed from a negative to a positive value (Figure
S1d) and their hydrodynamic radius R, increased from 44.5 to
61.7 nm (dynamic light scattering, DLS, Figures S2 and 3).

DOI: 10.1021/acs.nanolett.9b00752
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Figure 2. (a) CLEM micrograph constructed from the overlay of LM and TEM micrograph showing the area denoted by the box in Figure 1f. The
localization of the fNDs by LM is shown in red, whereas the nucleus appears in blue. (b) Tomogram section of the same region; black arrows
indicate the disappearance of the vesicle membrane. (c) The 3D model of fNDs clusters inside the endosomal vesicle; fNDs appear in red and the
cellular membrane is shown in green; five vesicles are given in light green. Scale bar: (a,b) 500 nm, (c) 250 nm.

This relatively large increase of about 17 nm was also due to
the loss of small fNDs during purification by ultracentrifuga-
tion. For the in vitro studies, narrowly dispersed fNDs of high
colloidal stability in Dulbecco’s phosphate-buffered saline
(DPBS) were required. A monomodal distribution of coated
fNDs was detected in the dynamic light scattering (DLS)
recorded at different angles indicating no fND aggregate
formation (Figures S2 and 3). Subsequently, the fNDs
dissolved in DPBS were visualized by TEM revealing well-
dispersed single nanoparticles distributed over the TEM grid
(Figure S1b), whereas uncoated fNDs appeared mostly
aggregated in DPBS on the TEM grid (Figure Sla). The
negatively charged nitrogen vacancy (NV~) centers in fNDs
emit light at a wavelength of 680 nm after excitation with a 561
nm laser. Their emission intensity depends on the number,
size, and shape of the fNDs. Herein, about 15 NV~ on average
were present statistically distributed within the fNDs and their
optical properties were not affected by the biopolymer coating
(Figure Sle). These coated fNDs were then used to study their
cellular uptake and trafficking by confocal laser scanning
microscopy (CLSM) and TEM in HeLa cells.

First, the coated fNDs were vitrified and embedded prior to
LM and EM acquisition providing images from the same
cellular location (“in-resin CLEM”). Then, fNDs were
examined by LM followed by EM acquisition (“in-dish
CLEM”). The correlative imaging method provided local-
ization of {NDs in fluorescence microscopy and high-resolution
EM micrographs from the same cellular region of interest
(ROI). Because of their stable emission intensity, fNDs could
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be identified in CLSM as well as in EM despite their all-carbon
composition. Figure 1a,b reveals LM and EM images from the
in-resin CLEM imaging of the same section, where fND
fluorescence was retained after the harsh resin and polymer-
ization treatment. The cellular structures appeared well
preserved even after staining with low amounts (0.1%) of
uranyl acetate (UA). Noteworthy, our imaging procedure did
not rely on osmium tetroxide (OsO,) as contrast enhancer.
Compared to previously reported epoxy resins for embed-
ding,”® the Lowicryl matrix applied herein allowed efficient
nucleus staining with Hoechst dye (blue) on the section
facilitating the selection of the cells of interest in LM. Figure 1¢
shows fNDs clusters of different sizes, whose emission was
precisely colocalized with CLEM with high contrast.**”

The structural information (in-resin CLEM) was obtained
within one thin cell slice. In addition, we performed in-dish
CLEM aiming for three-dimensional (3D) tomography. Since
z-stack images of the sample were recorded with CLSM first
(Figure 1d), spatial information on the sample as well as the
fluorescence signals of the fNDs were obtained before the EM
preparation. Cellular structures such as mitochondria remained
well preserved, and they could be imaged with high resolution
and contrast. Pronounced vesicle membranes around the fNDs
clusters were detected (Figures S4 and SS). Background
fluorescence was largely suppressed for an improved
colocalization and the CLSM and EM images appeared only
slightly shifted (white arrows, Figure 1f), which was mainly due
to small changes in the position or shape changes of the living
cells before fixation.

DOI: 10.1021/acs.nanolett.9b00752
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Table 1. Comparison of Different Methods to Image Single Intracellular fNDs Including a Qualitative Assessment on Their

Performance
technique specificity for fND clusters specificity for single NDs
CLEM high specificity depending on the fND low specificity
emission
EFTEM high specificity depending on the fND high specificity depending on the unique
unique energy absorption energy adsorption of fNDs
HAADF medium specificity depending on the fND medium specificity depending on the fND
STEM orientation orientation
TEM medium specificity depending on the fND medium specificity depending on the fND
(overfocus)  Fresnel contrast fringes Fresnel contrast fringes

resolution
high resolution
EM grade)

high resolution
EM grade)

high resolution
EM grade)

high resolution
EM grade)

fluorescence (FL)
FL information from both fNDs
and labeled organelles
no FL information

no FL information

no FL information
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Figure 3. Single fND and fND clusters imaged by energy-filtered transmission electron microscopy (EFTEM). (a,d) CLEM overlay; (b,e) the
corresponding TEM bright-field micrograph. (c,f) EFTEM micrograph acquired at an energy loss of 100 eV with 10 eV slit width. The white arrows
indicate the detection of individual fNDs. The insets in (b,c) represent line profile values of respective selected line (red dots line). (g) EEL spectra
of embedded fNDs (black), the embedded cell (red) and a resin-only area (green), corresponding to the positions indicated in (e) (the inset of (g)
shows a zoom into the energy loss range from 10 to 120 eV). The spectra were acquired by focusing the electron beam on the respective area. (h)
The line profile value of the inset (EFTEM micrograph of two closely located fNDs, Gaussian function fit of the data. (a,c) The magnification of
the region marked by the dashed box in Figure 2c; (d—f)Magnification of the area marked by the solid box in Figure 2c. Scale bar: 1 ym.

The coated fNDs showed pronounced cellular uptake due to as endosomes, lysosomes, or autophagosomes (Figure 1). EM
attractive electrostatic interactions with the negatively charged provided the required nanoscale resolution required to
cellular membrane as reported previously."' They mainly precisely quantify fNDs inside these intracellular vesicles and
localized in spherical clusters inside intracellular vesicles such to image their endosomal escape. Figure 2 is an enlargement of

2181 DOI: 10.1021/acs.nanolett.9b00752
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Figure 4. Interactions of single fNDs with cellular substructures. (a,b) Bright-field TEM and dark-field EFTEM of single {ND uptake; (e,f) Bright-
field TEM and dark-field EFTEM of fNDs inside a mitochondrion. (c,g) Virtual slices from the tomogram, whereas (d,h) give the segmentation of
the tomograms of single fND uptake and localization inside a mitochondrion, respectively. Scale bar: 200 nm.

the area indicated in Figure 1f and clearly reveals a vesicle in
close proximity to the cell nucleus (blue staining) and a
mitochondrion located below. In total, three clusters of fNDs
were found inside the vesicle: two at the top and a third
smaller cluster at the bottom right close to the membrane of
the vesicle. Tomography of this vesicle was performed to study
the vesicle integrity. Figure 2b shows a cross section matching
the LM overlay of Figure 2a. Despite the high resolution, some
parts (black arrows) of the membrane appeared disrupted,
especially at positions where the upper left and lower right
fNDs clusters were localized. This effect appeared even more
pronounced when analyzing the entire tomogram (see SI
Movie 1). Obviously, fNDs induced disruption of the vesicular
membrane, which likely allowed their escape from vesicles as
suggested also by previous studies with labeled nano-
particles.””*’ Segmentation of the vesicle together with fNDs
is shown in Figure 2c¢ and as a result of the high-resolution
TEM tomography; even single fNDs in the cluster were
identified. In Figure 2c, a total number of 101 fNDs (in red)
and the outer membrane of the endosome were segmented (in
green) now allowing a quantification of the fNDs per cluster.
The fND clusters in the endosomal vesicles were divided into
three subvolumes: (1) the cluster located close to the vesicle
membrane at the upper left part contained 27 fNDs in total
(reconstructed in red), (2) the cluster located in the mid of the
endosome was formed by 61 fNDs, whereas (3) the clusters
located at the bottom right consisted of 13 fNDs. In addition,
five small vesicles were identified and segmented (in light
green) within the endosome.

TEM micrographs did not provide sufficient contrast for the
detection of single fNDs within the embedding resin as both
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materials mainly consist of carbon-based structures. In
addition, their detection by LM was limited by low fND
concentrations within the thin sections (in-resin CLEM) as
well as the varying fluorescence quantum yields among
individual NDs, which resulted in fNDs occasionally not
emitting and therefore remaining invisible. Although previous
CLEM studies demonstrated an improvement for the visual-
ization of intracellular NDs with STED,>® the discrimination of
individual ND in larger clusters still remains challenging if not
impossible. In order to compare and optimize fND imaging at
the nanoscale, we evaluated additional EM imaging methods
summarized in Table 1 highlighting the specificity and
resolution of the different techniques for detecting fNDs in
clusters as well as single fNDs.

HAADF STEM. Dark-field imaging (DF) using a high-
angular annular dark-field detector with scanning TEM
(HAADF STEM, Figures S6 and 7) could in principle visualize
single fNDs. However, diffraction-based identification techni-
ques like HAADF STEM and conventional DF imaging rely on
the correct orientation of the crystal with regard to the incident
electron beam and therefore, only few individual nanodiamond
crystals were detected, as demonstrated in Figure S7.

EFTEM. EFTEM allows the identification and localization of
individual fNDs in the in-resin and in-dish preparations as this
technique depends on the electron density but not on the
orientations of the fNDs. EFTEM has been applied previously
to image gold particles and QDs in HEp-2 cells for correlative
microscopy studies** but it has not yet been used to identify
intracellular fNDs. Figure 3 shows the corresponding CLEM
micrographs, TEM bright-field micrographs and EFTEM
micrographs of fNDs in HeLa cells. Three fNDs clusters

DOI: 10.1021/acs.nanolett.9b00752
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(Figure 3a,b) were detected in the TEM micrograph, which
was confirmed by the fluorescence signal in the LM image. The
EFTEM micrograph in Figure 3c reveals the presence of two
single fNDs (arrows), which were barely visible in the bright
field micrographs and could not be detected by fluorescence
imaging. After inverting Figure 3b, we calculated the line value
(red dotted line) crossing two single fNDs (Figure 3b,c). A
Gaussian fit was used to calculate the signal-to-noise ratio
(Figure S10 and 11) in the EFTEM image (Figure 3c), which
was significantly improved (4.0 and 3.3) compared to the
signal-to-noise ratio (2.3 and 1.5) of the TEM bright field
image. In addition, we estimated the resolution using the line
profile crossing two fNDs (Figure 3h). The distance between
the two peaks was 30 nm as calculated by a Gaussian function
(Figure S12) and the Gaussian fitting result highly matched the
line value (R* = 0.974). The detection limit of fluorescence
imaging becomes apparent in Figure 3d,e. The cluster in the
left corner of Figure 3d consists of three fNDs, whose
fluorescence signal could still be resolved (the slight mismatch
was due to the time gap of the in-dish preparation), whereas
EFTEM (Figure 3f) clearly shows the presence of three
individual {NDs. The remarkable contrast of fNDs in EFTEM
imaging was attributed to the higher density of NDs compared
to the surrounding resin. The mean free path 4 (the average
distance an electron propagates through the specimen before
being scattered) was lower in diamond compared to the
surrounding material and hence, the inelastic scattering
intensity was increased, which was experimentally confirmed
by the electron energy loss (EEL) spectra in Figure 3g.
Accordingly, fNDs appeared with bright contrast when imaged
with an energy loss AE ranging from 50 eV up to 190 eV
(Figure S8). This assumption was further corroborated by the
observation, that fNDs could be detected easily in bright field
imaging at large overfocus (Figure S9).

TEM (Overfocus). The bright Fresnel contrast fringes,
which were formed around the individual fNDs in TEM bright-
field imaging, indicated that the fNDs were phase objects
attributed to their higher electron density, which also offers
potential for detecting individual fNDs without the need for
EFTEM or CLEM. The Fresnel fringes in the TEM
micrograph appeared due to the discontinuous potential
change at the edge of the fND. In overfocus conditions, this
yielded a bright fringe around the object in the TEM
micrograph.*> However, also other phase objects presented
in the specimen could be misinterpreted as fND by this
method.

Our results clearly indicate that the EFTEM approach
represents the method of choice for detecting single fNDs with
high contrast and great spatial resolution within cells. EFTEM
even allowed an autonomous TEM screening of the entire
sample and subsequent qualitative data analysis was accom-
plished conveniently, which offers the great potential to
accelerate the precise identification and quantification of
intracellular fNDs.

Figure 4a reveals a TEM image of fNDs close to the
extracellular matrix of the cellular membrane. The presence of
the single fND was clearly confirmed by EFTEM (Figure 4b),
which was not detectable by CLEM and standard TEM. It
seemed that several fNDs formed clusters close to the
extracellular matrix, and a single fND was located already
inside the cell, presumably inside an early endosomal vesicle.
Electron tomography was performed on this site and Figure 4c
shows a virtual slice of the tomogram (see SI Movie 2).
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Obviously, the formation of the early endosome was still in
process, and the membrane of the endosome appeared still
connected to the membrane of the cell. In order to gain deeper
insights into this process, the tomogram of this site was
segmented yielding a 3D model (Figure 4d) in which four
fNDs were localized close to the cellular membrane (in green),
and a single fND appeared inside the newly formed endosomal
vesicle, highlighted in red. This 3D tomography captured for
the first time the process of cellular uptake of a single {ND as
well as the presence of a membrane tunnel connecting the
endosome with the cellular membrane.

Inside the cell, we screened for single fNDs that were taken
up into 01‘6ganelles, which is of great interest for sensing,22 drug
delivery,” as well as understanding nanoparticle-related
toxicity.”” Single fNDs localized in cellular organelles are
particularly challenging to detect. Figure 4e shows the TEM
image of a cluster of fNDs in direct proximity to a
mitochondrion. The fND cluster with dimensions of around
200 nm in diameter was detected in the upper right corner in
close vicinity to the mitochondrion, which was probably too
bulky to enter the cell organelle. EFTEM clearly showed the
presence of individual fNDs inside this mitochondrion (Figure
4f). The virtual section from the tomogram (Figure 4g; see SI
Movie 3) reveals two fNDs inside the mitochondrion and the
segmentation (Figure 4h) of the tomogram clearly supported
that the fNDs were located close to the inner membrane.
Interestingly, there was no membrane formed around the fNDs
suggesting that during their uptake process into the
mitochondrion, the endosomal membrane surrounding the
two fNDs most likely coalesced with the mitochondrial
membrane. One could speculate that the two fNDs might
originate from the larger fND cluster located close to the
mitochondrion. However, additional studies are necessary to
unravel the intracellular transport processes of nanoparticles
into mitochondria.

In summary, we have demonstrated a stringent procedure to
image and quantify coated fNDs as clusters as well as down to
the single particle level inside cells. A bioinspired protein
coating was used to stabilize the fNDs inside cells, which has
similarities to the natural protein corona, formed when
nanoparticles are subjected to blood serum providing high
colloidal stability and biocompatibility. {NDs were detected at
different stages during their cellular uptake and intracellular
trafficking highlighting that many cellular barriers have to be
crossed inside cells (Figure Sa). fND clusters appeared outside
the cellular membrane as well as in endosomal vesicles as
detected by CLEM with a high contrast by colocalization of
LM and EM signals (Figure Sb). EM images of fND clusters
were obtained with the highest resolution reported yet, which
even allowed quantification of individual fNDs in the larger
fND clusters inside intracellular vesicles. Moreover, individual
fNDs were detected for the first time by EFTEM. In this way,
the cellular uptake process of a single fND inside a newly
forming, early endosomal vesicle was imaged (Figure 5d), and
the presence of single fNDs inside a mitochondrion (Figure
Sc) was demonstrated. The localization and quantification of
fNDs inside mitochondria is of particular interest because drug
delivery into these organelles represents an emerging strategy
in cancer cell treatment.** Conventional LM studies could not
unambiguously differentiate whether nanoparticles were taken
up into mitochondria or if they only colocalized with their
outer membranes. Applying dark-field EFTEM, we were able
to resolve the presence of individual fNDs inside the
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Figure S. (a) Visualization of fNDs in different cellular environments.
(b) Identification and quantification of fNDs in intracellular vesicles
using CLEM. In addition, single fND detection was achieved by
EFTEM (c) inside a mitochondrion as well as (d) in the cellular
membrane during fND uptake.

mitochondrion, whereas a larger fND cluster remained outside
this organelle in close vicinity to its outer membrane.

We believe that our approach offers the great potential to
resolve fNDs within clusters as well as single fNDs and to allow
the quantification of their exact number and image their
locations within the various cellular compartments. In this way,
one could gain fundamental insights into intracellular transport
processes of fNDs and how these pathways are interconnected,
which provides great opportunities to ultimately correlate
bioactivities and potential toxic effects of nanomaterials based
on quantitative data. We believe that such studies will be of
great relevance to obtain reliable and reproducible information
on nanotherapeutics that ultimately facilitate rational design of
efficient and safe drug transporter and imaging probes.
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High-Contrast Imaging of Nanodiamonds in Cells by Energy Filtered and Correlative Light-

Electron Microscopy: Toward A Quantitative Nanoparticle-Cell Analysis
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Material. Fluorescent nanodiamonds (fND) were bought from FND Biotech (Taiwan).

Synthesis of dcHSA-PEG. The cationization, denaturation and the attachment of polyethylene glycol
of human serum albumin (HSA) was synthesized as reported before.! In summary, HSA was
converted to cationic HSA (cHSA) by adding ethylenediamine in high access resulting in ~158
positive charges per protein. The positive surface charge enables high uptake into human cancer cells
due to interactions with the negative charged cell membrane. Afterwards, in average 18 PEG chains
(MW =2000 g/mol) were attached to the cHSA. The PEG chains are necessary to enable colloidal
stability, reduce interaction with plasma proteins and prevent immunoresponse. The obtained cHSA-
PEG(2000);3 was denatured using an urea buffer (phosphate buffer 50 mM, pH 7.4, 5 M urea, 200
mM ethylenediaminetetraacetic acid) and the disulfide bridges were reduced by tris(2-
carboxyethyl)phosphine (TCEP). N-(2-aminoethyl)maleimide trifluoroacetic acid salt was added to

cap the free thiol groups to prevent rebinding and to form the final dcHSA-PEG(2000);s.

Characterization of coated fNDs. The successful coating of fNDs can be controlled by dynamic
light scattering (DLS), zeta-potential and transmission electron microscopy (TEM) measurements.
Usually, uncoated fNDs aggregate strongly in aqueous buffer solutions; however, in MilliQ water
DLS of fNDs can be measured without aggregation. The DLS measurements showed an increase of

Ry, from 44.5 nm to 61.7 nm (Figure S2-3) after coating the fNDs with dcHSA-PEG(2000);5. One of



the reasons of the relatively large increase in R, (17.2 nm) is the loss of small fND during the
purification by centrifugation. Furthermore, the coated fNDs showed only one population in the DLS
measurement recorded at different angles indicating the presence of only single fNDs (Figure S2-3).
The surface of these commercial available fNDs is oxidized and therefore, the fND possess a negative
surface charge (Figure S1d). Due to the negative charge and the strong aggregation in aqueous buffer,
uncoated fNDs were not taken up into human mammalian cancer cells. After the adsorption of
dcHSA-PEG onto the fNDs, the surface charge changed from a negative to positive value (Figure
S1d) caused by the positive charge of the dcHSA-PEG(2000);5. The coated fNDs showed strong
uptake into human mammalian cancer cells even at low concentrations.

fNDs can be easily visualized by TEM due to their high density. Uncoated fNDs showed mostly
aggregation in DPBS on the TEM grid (Figure S1a). In contrast, coated fNDs in DPBS were nicely
distributed over the TEM grid (Figure S1b). Monodispersed coated fNDs in DPBS are highly

important for further in vitro studies.
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Figure S1: Characterization of fND. (a) Transmission electron microscopy (TEM) images of

uncoated fND aggregates diluted in PBS. (b) Coated single fNDs diluted in PBS; fresnel



diffraction pattern of ND. (c) Scheme of protein coated fNDs. (d) Zeta-potential values. (e)
Fluorescence intensity of uncoated fNDs, coated fNDs (both 0.5 mg/ml), dcHSA-PEG (2 mg/ml)

and MilliQ water. Scale bar: 200 nm.

Coating of NDs. 500 pg of fluorescent NDs were dispersed in 5 ml of MilliQ water. Afterwards, the
solution was dropped into a mixture of 2 mg dcHSA-PEG in 20 ml MilliQ water and shaken overnight
at room temperature. The next day, free protein was removed by centrifugation (18 000 g, three times
with MilliQ).

For further in vitro experiments, the fNDs were dispersed in Dulbecco’s Phosphate Buffered Saline

at a concentration of 1 mg/ml.

Fluorescence measurement. Fluorescence was measured using Tecan (SPARK 20M). Uncoated and
dcHSA-PEG coated fNDs were dispersed in MilliQ water at a concentration of 0.5 mg/ml. dcHSA-
PEG was dissolved in MilliQ water at a concentration of 2 mg/ml. 10 ul of each sample were
transferred into a 96-well plate and the emission at a wavelength of 680 nm was measured at a fixed

gain of 167. The excitation wavelength was 561 nm.

DLS. Dynamic light scattering measurements were performed on an ALV spectrometer consisting of
a goniometer and an ALV-5004 multiple-tau full-digital correlator (320 channels). A He-Ne Laser
(wavelength of 632.8 nm) was used as light source. For temperature controlled measurements, the
light scattering instrument was equipped with a thermostat from Julabo. Measurements were
performed at 20 °C at 9 angles ranging from 30° to 150°. The full measurements are depicted in
Figure S2-3 left. The autocorrelation curve of the measurements at 90° is shown in Figure S2-3 right.
The autocorrelation curve was transferred into a time based function to visualize the monodispersity
of the samples using the software contin algorithm (Figure S2-3 right blue).

Uncoated and dcHSA-PEG coated fND were prepared at a concentration of 0.5 mg/ml in MilliQ

water for DLS measurements.
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Figure S3: DLS of fNDs coated with dcHSA-PEG. Left DLS measurements from 30° to 150°.

Right Autocorrelation curve (black dotted line) and time based function (blue) at 90°.

Zeta-Potential. Uncoated (0.5 mg/ml), dcHSA-PEG coated fND (0.5 mg/ml) and dcHSA-PEG (0.5
mg/ml) were prepared in a 1 mM KCI solution and the zeta-potential was measured using a Zetasizer

(Nano series) from Malvern.

Cell culture. HeLa cells were cultured in Dulbecco’s modified eagle medium (DMEM; Invitrogen,
Germany) supplement with 10% fetal bovine serum (FBS; Sigma Aldrich, Germany), 1% glutamine,

and 1% penicillin/streptomycin (Invitrogen, Germany) in a humidified incubator at 37 °C and 5%



CO,.

Preparation of in-dish correlative light-electron microscopy (CLEM) specimens for confocal
light scanning microscopy (CLSM) and transmission electron microscopy (TEM). In-dish
CLEM was defined as the detection of fluorescence signals prior to EM preparation. HeLa cells were
incubated with fNDs (75 pg/ml) at 37 °C (5% CO,) for 4 h and then fixed in 4% formaldehyde (Carl
Roth, Germany) for 10 min in MatTek gridded glass bottom dishes (Ashland, USA). Nucleus
counterstaining with Hoechst 33342 dye in DMEM (1:1000) was performed after the
paraformaldehyde (PFA) fixation for 5 min. Three times of washing in PBS were performed after
nucleus staining. Prepared samples were investigated on Leica SP8 AOBS system attached to a Leica
DM 16000 inverted microscope with a 63X 1.4 NA oil immersion objective. The Hoechst 33342 dye
and fNDs were excited with 50 mW diode laser at 405 nm and 20 mW solid state yellow laser at 561
nm. Fluorescence signals were collected at 461 nm for Hoechst and 660-700 nm for fNDs. Stack
images of ROIs with the step of ~0.2 um were recorded. The position of the cell of interest was
simultaneously recorded. After fluorescent imaging, samples were subjected to a postfixation in 4%
glutaraldhyde in phosphate buffer (pH = 7). Staining with OsO,4 and uranyl acetate were performed
sequentially, each step followed by three times washing in phosphate buffer. Samples were then
subjected to dehydration through ethanol in ddH,O with the gradient of 70%, 80%, 90%, 100% for
10 min each and subsequently embedded in EPON. Polymerized blocks were trimmed to the ROIs
recorded by CLSM, and cut into 300 nm thick sections using a 45° diamond knife (Diatome,
Switzerland) in EM UC6 ultramicrotome (Leica, Germany). Sections were then collected onto
formvar coated slot copper grid (Plano, Germany) and air dried overnight for TEM imaging and
tomography. Region of interests (ROIs) were retraced in TEM and tomography was performed with
a single-axis tilt series from -65.5° to +67° using tilt increments of 1.5° above +/- 45° and 2.5° between

-45° and +45°. Totally 65 images were collected using a CCD Camera. TEM imaging and



tomography were performed with a Tecnai G20 - FEI 200 kV Twin Lens with Lab6 filament and FEI

Eagle 4k x 4k CCD camera and with a Tecnai F20 — FEI 200 kV with FEG and Gatan US1000 CCD

camera.

Preparation of in-resin CLEM specimens for CLSM and TEM. In-resin CLEM requires samples
to be vitrified and embedded into resin prior LM and EM acquisition. HeLa cells were incubated with
fNDs (75 pg/ml) for 4 h at 37 °C (5% CO,). After the cell uptake experiment, cells in the petri dish
were harvested and transferred into 2 ml Eppendorf tubes. After centrifugation at 1000 g for 5 min, 1
ul of thick cell suspension were collected and loaded into a 100 um deep membrane carrier (Leica,
Germany) and vitrified in Leica EM PACT?2 (Leica, Germany). Frozen membrane carriers were then
transferred into flow through containers with freeze substitution cocktail (0.1% uranyl acetate, 0.01%
tannic acid, 5% water in acetone). Freeze substitution was done in an AFS2 automated freeze
substitution device (Leica, Germany) equipped with an attachment for automated exchange of reagent
(Freeze substitution processor, FSP, Leica, Germany). Samples were kept at -90 °C for 5 h and
gradually warmed up to -45 °C at the rate of 5°C/h. After being held at -45 °C for 2 h, samples were
washed twice in acetone for 30 min each. Samples were then infiltrated in 25%, 50%, 75% of
Lowicryl HM20 resin in acetone for 2.5 h each and finally infiltrated in 100% resin overnight. Resin
was exchanged for twice with the duration of 3 h each after the overnight infiltration. Polymerization
of resin was carried out under UV light for 43 h, with the first 19 h being held at -45 °C, followed by
warming up to 0 °C within 12 h, and finally being kept at 0 °C for another 12 h.

After polymerization, resin blocks were removed from the containers. The carriers were detached
from the resin blocks by using liquid nitrogen and the warmed up specimen carrier detaching tool
(Leica, Germany). The blocks were then trimmed to desired sizes and sectioned to 120 nm thick

sections using a 45° diamond knife (Diatome, Switzerland) in EM UC6 ultramicrotome (Leica,



Germany). Sections were collected onto carbon coated formvar films on F1 copper finder grids (Agar
Scientific). After being air dried, grids were stained with Hoechst 33342 dye in ddH,O (1:1000) for
5 min, and washed three times in ddH,O for 1 min each. Each stained grid was then mounted between
a coverslip and a glass slide in 15 pl of 50% glycerol in ddH,0. Mounted grids were then imaged by
Leica DMI4000 B inverted epifluorescence microscope with 20X 0.75 NA dry lens for fluorescence
detection. After imaging, the grids were carefully retrieved using a sharp razor blade and washed in

H,0. The grids were then post-stained with uranyl acetate and lead citrate before TEM imaging.

Figure S4: TEM bright field (BF) micrographs showing the preservation quality of the in-dish

preparation method.



Figure S5: TEM BF micrographs showing the preservation quality of the in-resin preparation.
Compared to the in-dish method, the contrast of the cellular structures is lower, presumably
due to the missing OsO, staining and lower uranyl acetate concentration. However, post

staining of the sections should be possible.

Images alignment and analysis. For tomogram alignment and reconstruction, IMOD software
(version 4.9.7) was used. Acquired images from the tilt series were initially aligned and stacked in
the software. The stacked file was then computationally reconstructed using a weighted back-
projection algorithm. For CLEM image registration, images from light and electron microscopy were

manually tracked and aligned using eC-CLEM plugin in Icy.?

The alignment of the in-resin acquired data was straightforward, because both, electron and light
microscopical imaging originate from the very same specimen. However, for the in-dish preparation,
there is a certain time span between the LM imaging and the final fixation for EM preparation and
subsequent imaging. This time span already leads to systematic mismatch in the alignment. In
addition, the preparation of the ultrathin sections might lead to problems with the CLEM alignment.
The sections suffer a certain compression during sectioning, which can be easily compensated by a
simple affine transformation (stretching of the EM micrographs parallel to the cutting direction).

However, we did not observe noticeable compression of the sections and within the accuracy of the



LM images we did not need to compensate for this. On the other hand, the normal of the sections and
the optical axis of the LM might not coincide. With other words, there is a certain angle between the
cutting direction and the imaging direction of the LM. For this case, there is a certain tolerance of the
preparation method due to the rather large confocal optical section thickness compared to
ultramicrotomy sections. A confocal microscope can reach thicknesses down to 500 nm. The effect
of a misaligned cutting angle would result in the disappearance of (correlative) objects, especially at
the image periphery. Accordingly, we put much effort in aligning the block phase of the resin block
as parallel as possible to the diamond knife and we did not encounter any problems with a

misalignment of the cutting angle with regards to the imaging plane of the LM.

Transmission electron microscopy. TEM examination was performed on a Tecnai F20 transmission
electron microscope operated at an acceleration voltage of 200 kV. The instrument was equipped with
a scanning unit for scanning TEM (STEM) and a Tridiem 863 (Gatan) post column electron energy
loss spectrometer capable of both, electron energy loss spectroscopy (EELS) and image filtering
(EFTEM). Conventional image acquisition was done with a Gatan US 1000 CCD Camera at on-axis
position. In post-filter position another Gatan US1000 CCD camera was used for EFTEM and EELS.
For bright field imaging and for the acquisition of tomogram tilt series an objective aperture with
diameter of 20 um was used. The same aperture was used for dark field imaging; the beam tilt was
adjusted to a value around 2 x 6.1 mrad, which is the angle of the diamond (111) diffraction for
200 kV electrons. Under these conditions, only electrons that have been diffracted (or inelastically
scattered) exactly to the hole of the objective aperture contribute to the image formation. With this
imaging mode it is possible, to identify and highlight crystalline areas in the specimen.

STEM was done using a fishione high-angle annual dark-field (HAADF) detector and if not otherwise
stated, the camera length was adjusted to 520 mm. At this camera length the diamond (111) diffraction

angle falls into the acceptance angle of the HAADF detector and hence the crystalline areas yield



bright contrast.

EFTEM was done using an energy selecting slit width of 10 eV, if not otherwise stated.

Imaging of NDs in the TEM. Imaging of NDs and especially individual NDs in TEM can be
facilitated by using different imaging methods, depending on the configuration of the respective
instrument. The main problem when imaging ND in a resin matrix, as commonly prepared for TEM
ultrastructural examination of biological samples, is their low contrast with regard to the surrounding
resin. However, there are some physical features of NDs that promote their discrimination from the
resin matrix. The density of a diamond is with 3.5 g/cm? much higher than that of the surrounding
resin and, as every diamond, NDs are crystalline.

Imaging crystalline areas is one of the strengths of the TEM. By simply selecting the position of the
objective aperture, it is possible to select electrons, that have left the sample under a certain angle,
e.g. due to diffraction. This method is called dark field mode and can be easily achieved in any TEM.
The strongest diffraction spot of diamond is the (111) with a d-spacing of 2.058 A. This corresponds
to a diffraction angle of 20 = 12.2 mrad for 200 keV electrons. When the objective aperture of the
TEM 1is adjusted in a way that electrons leaving the sample under this angle can pass (but the
transmitted beam is blocked), the crystalline areas appear with bright contrast. But because the
aperture allows only a small azimuth area of the diffraction ring to pass, only those crystals with the

correct orientation become visible (arrow in Figure S6c¢).



TEM-DF

Figure S6: TEM and STEM micrographs showing the same area. In the bright field micrograph
(a) the NDs are clearly visible by their dark contrast and in the STEM micrograph (b) the NDs
appear bright because their diffraction contributes to the HAADF signal. All the NDs in the
bright field micrograph are also visible in the STEM micrograph. When using the conventional

TEM dark field (c) mode, some of the NDs are not visible, as exemplarily marked by the arrow.

In order to overcome this azimuthal restriction, annular detection methods like conical dark field or
HAADEF-STEM can be used. Due to the annular geometry of the HAADF detector all directions of
the diffraction ring are detected and the crystal areas appear with bright contrast (Figure S6b). But
even using the whole (111) diffraction ring does not guarantee that every ND crystal becomes visible,
because this depends on the crystalline orientation; if the Bragg-condition is not fulfilled due to an
odd orientation of the crystal there is no signal in the dark field micrograph. This is exemplarily
demonstrated in Figure S7, where the ND marked by the arrow is clearly seen in the TEM BF (a) and

in the EFTEM micrograph (c), but not in the HAADF-STEM (b).

AE =100 eV




Figure S7: TEM-BF (a), STEM-HAADF (b) and EFTEM (c) micrographs of the same area. The
ND marked with an arrow is visible in the BF and the EFTEM micrograph, but it does not

appear in the HAADF-STEM mode.

Another alternative to image NDs in a resin matrix is to use EFTEM imaging. Here, the identification
does not rely on the correct orientation of the crystal but rather on the difference in electron density
between the ND and the surrounding matrix. NDs are a pure carbon material and the surrounding
matrix of polymerized resin is a carbon rich material as well. Accordingly, element specific
discrimination by EFTEM is eliminated. But the mean free electron path 1 depends on the local
electron density and then finally on the density of the respective material. In a simplified explanation
the probability for inelastic scattering depends on the local electron density and with that on the
material density. This is shown in the electron energy loss (EEL) spectra Figure 3g. The intensity in
the areas of the nanodiamonds is greater in the entire spectral range measured from 50 to 200 eV than
where resin or cellular material is present in the sample. Therefore, the nanodiamonds appear brighter
in the EFTEM micrographs. Figure S8 shows an EFTEM series acquired at different energy losses
using an energy selecting slit width of 10 eV. The NDs are clearly visible up to 190 eV energy loss.
We did not checked higher loss values because this would unnecessarily increase the exposure time
without yielding more information. Accordingly, EFTM imaging is the appropriate way to identify
and image NDs in an embedded cell samples. Even single fNDs can be detected this way, which is

not possible by fluorescence imaging at all.
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Figure S8: energy filtered TEM micrographs: The sample area is imaged with increasing
energy loss from bright field (0 eV, upper left) to 190 eV (lower right). The slit width of the
spectrometer was adjusted to 10 eV. In the bright field micrograph the ND are clearly visible

by their dark contrast.

However, if you have neither an energy filter nor a scanning unit at the TEM, there is another, very
easy way to locate the embedded NDs. Hereby one can simplify the tedious search for the NDs
considerably. Like other objects, NDs are phase objects that change the phase of the electron waves
as they exit the sample.

If the TEM is now heavily overfocused, this will cause the resulting Fresnel fringes of the NDs to
show bright contrast on the resulting image, as shown in Figure 9b. Although these images are useless
for further processing, they clearly show the position of the NDs. For comparison, Figure 9¢ shows
the corresponding EFTEM image, on which individual NDs can be recognized as well (marked by

the arrow).
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Figure S9: TEM and EFTEM micrographs of the same sample area demonstrating the ease and
power of overfocus identification of phase objects like NDs in a resin matrix. (a) The TEM BF
micrograph does not reveal the presence of a ND at the position marked with an arrow. Over
focused TEM micrograph (b) clearly shows the ND which can be seen in the EFTEM

micrograph (c) as well.

Calculation of signal to noise ratio

The signal-to-noise ratio of the gray value depicted in Figure 3b-c was calculated by Gaussian fitting.
The two Gaussian fits for the TEM bright field image and the EFTEM image are shown in Figure

S10-11.
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Figure S10 The Gaussian fit of the gray value graph from the TEM bright field image (Figure

3b).
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Figure S11 The Gaussian fit of the Gray Value graph from the EFTEM image (Figure 3c¢).

Calculation of resolution
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Figure S12 The two peaks were fitted by a Gaussian which was used to calculate the resolution.
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Abstract:

Nanotheranostics, combining diagnostics and therapy, has the potential to
revolutionize treatment of neurological disorders. But one of the major obstacles for
treating central nervous system diseases is the blood—brain barrier (BBB) preventing
systemic delivery of drugs and optical probes into the brain. To overcome these
limitations, nanodiamonds (NDs) are investigated in this study as they are a powerful
sensing and imaging platform for various biological applications and possess outstanding
stable far-red fluorescence, do not photobleach, and are highly biocompatible. Herein,
fluorescent NDs encapsulated by a customized human serum albumin—based
biopolymer (polyethylene glycol) coating (dcHSA-PEG) are taken up by target brain cells.
In vitro BBB models reveal transcytosis and an additional direct cell—cell transport via
tunneling nanotubes. Systemic application of dcHSA-NDs confirms their ability to cross
the BBB in a mouse model. Tracking of dcHSA-NDs is possible at the single cell level and
reveals their uptake into neurons and astrocytes in vivo. This study shows for the first
time systemic NDs brain delivery and suggests transport mechanisms across the BBB and
direct cell—cell transport. Fluorescent NDs are envisioned as traceable transporters for
in vivo brain imaging, sensing, and drug delivery.

142



FULL PAPER

sl

Brain Delivery

www.small-journal.com

Unraveling In Vivo Brain Transport of Protein-Coated

Fluorescent Nanodiamonds

Pierpaolo Moscariello, Marco Raabe, Weina Liu, Sandra Bernhardt, Haoyuan Qi,
Ute Kaiser, Yuzhou Wu, Tanja Weil,* Heiko J. Luhmann,* and Jana Hedrich*

Nanotheranostics, combining diagnostics and therapy, has the potential

to revolutionize treatment of neurological disorders. But one of the major
obstacles for treating central nervous system diseases is the blood—brain
barrier (BBB) preventing systemic delivery of drugs and optical probes

into the brain. To overcome these limitations, nanodiamonds (NDs) are
investigated in this study as they are a powerful sensing and imaging
platform for various biological applications and possess outstanding stable
far-red fluorescence, do not photobleach, and are highly biocompatible.
Herein, fluorescent NDs encapsulated by a customized human serum
albumin-based biopolymer (polyethylene glycol) coating (dcHSA-PEG) are
taken up by target brain cells. In vitro BBB models reveal transcytosis and
an additional direct cell-cell transport via tunneling nanotubes. Systemic
application of dcHSA-NDs confirms their ability to cross the BBB in a
mouse model. Tracking of dcHSA-NDs is possible at the single cell level
and reveals their uptake into neurons and astrocytes in vivo. This study
shows for the first time systemic NDs brain delivery and suggests transport
mechanisms across the BBB and direct cellcell transport. Fluorescent NDs
are envisioned as traceable transporters for in vivo brain imaging, sensing,

1. Introduction

Reaching the brain with an effective
therapy or imaging reagent is still con-
sidered one of the most challenging tasks
in treating neurological diseases. The
complexity of neurological causes and
syndromes as well as the limited under-
standing of the exact disease pathophysi-
ology have impeded the development of
efficient therapies without long-term side
effects.l!’ In addition, the blood-brain
barrier (BBB) still represents a major
challenge for effective central nervous
system (CNS) delivery of therapeutics and
imaging probes. The BBB consists of brain
capillary endothelial cells, pericytes, astro-
cytes, and neurons, all referred to as the
neurovascular unit (NVU).2l The role of
the NVU is to maintain a constant homeo-
static environment and to prevent xeno-
biotics (including many potential drugs)
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from entering the brain.ll The BBB is not

only a physical barrier but also a dynamic

interface influenced by the individual
physiological and pathophysiological conditions. Thus, there is
a need for a more personalized therapy for patients with CNS
diseases. However, translating science into solutions for person-
alized therapies is still a major challenge in research and devel-
opment. Personalized medicine is based on the knowledge of the
individual genetics, disease status, and pharmacokinetics. Ther-
anostics, a combination of diagnosis and therapy in one system,
is becoming an attractive research field to address the transition
from conventional to personalized therapeutic plans.>¢ Many
nanomaterials, such as different types of radionuclide-labeled
particles like antibodies, liposomes, polymers, and micelles have
already been used for theranostic applications, both in animal
models and in patients.”] Most optical tools such as fluorescent
dye labels,”®l expression of fluorescent’®!% or nonfluorescent
proteins like luciferasel!!l are limited by photobleaching, strong
interference with autofluorescence from background tissue,
and low transfection efficiencies. Poly(lactic-co-glycolic acid;
PLGA) NPs are the most studied nanosystems for successful
BBB crossing.l Nonetheless, they do not possess intrinsic
optical properties useful for nanotheranostics. Additionally, in a
recent study Medina et al. demonstrated that PLGA NPs were
not transported to the brain in healthy animals but only in dis-
eased animals with impaired BBB.['34 Inorganic nanomaterials
such as quantum dots have been considered as alternatives for

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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brain targeting, but their cytotoxicity, for example due to release
of toxic metal cations, represents a major limitation for in vivo
studies.'>7 Carbon dots (CDs) also exhibit desirable optical
properties and a few studies report their spontaneous BBB
crossing ability.'®!% Given their recent discovery, the poten-
tial of CDs as a platform in the diagnosis and therapy of CNS
diseases still needs further investigation addressing new func-
tionalization strategies to avoid rapid clearance and heart accu-
mulation that might induce toxicity.%)

Here, fluorescent nanodiamonds (NDs) were investigated as
an emerging class of carbon nanomaterials providing essential
features of nanotheranostics. NDs are characterized by peculiar
optical and magnetic properties, biocompatibility, high thermal
conductivity and electrical resistivity as well as chemical stability
and nondegradability even in harsh environments.[?!l The imple-
mentation of elemental defects (e.g., nitrogen vacancy; NV) in
the carbon lattice leads to an outstanding photostable far-red
fluorescence with an emission maximum at 700 nm, which is
higher than most cellular autofluorescence.?2?3 It was shown
that NV-NDs improve the sensitivity of magnetic resonance
imaging (MRI) due to their dynamic nuclear spin polarization
from the NV center.?*l However, the high potential of NDs as in
vivo theranostics is still limited by their tendency to aggregate
in biological surroundings. Typical commercial suspensions of
NDs usually contain larger aggregates hindering their biological
applicability.?” Haziza et al. have previously shown in vitro
tracking of fluorescent NDs in mouse hippocampal neurons
for monitoring the biological effects of nocodazole and genetic
factors.”! Another recent study demonstrated the neuronal
action potential magnetic sensing in marine worms using fluo-
rescent NDs.[2%I The great potential of NDs for therapeutic and
bioimaging applications in neuronal diseases has been high-
lighted. However, in vivo studies are lacking that demonstrate
NDs delivery after systemic administration across an intact
BBB in vivo.”?8l The study of Xi and colleagues, for example,
showed delivery of the anticancer drug doxorubicin by NDs,
which adsorbed doxorubicin at the surface, after direct loca-
tion into brain tumor tissue via invasive convection-enhanced
delivery.?’l Therefore, to our knowledge, it has not yet been
demonstrated whether NDs are able to cross an intact BBB
without invasive strategies, which would be of fundamental
importance to evaluate their application in neuroscience.?"!
Consequently, there is an urgent need for new studies, which
assess the trafficking and transport of NDs across the most
restrictive biological barrier, i.e., the blood-brain barrier.

In this study, NDs stabilized by a protein-derived biopolymer
coating (cationic, PEGylated denatured human serum albumin;
dcHSA-PEG) (Figure 1) were evaluated for their ability to cross
an intact BBB in vitro and in vivo, which is a prerequisite for
their application as nanotheranostic platform for neurological
disease treatment. dcHSA-NDs reveal high colloidal stability
over a broad pH range (pH 2-8). The high number of reactive
functional groups of the dcHSA-PEG coating provides an
easy to functionalize platform for the attachment of drugs or
targeting sequences, thus circumventing the disadvantage of
challenging surface chemistry of uncoated NDs.[243%

We believe that none of the reported nanoplatforms for brain
targeting exhibit, simultaneously, all of the dcHSA-NDs features:
1) stable fluorescence, 2) potential for hyperpolarization of
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nuclear spin for magnetic resonance imaging, 3) temperature
sensing, 4) colloidal stability, 5) multitude of functionaliza-
tion groups on dcHSA-PEG, 6) biocompatibility. Transport of
dcHSA-NDs across the BBB after intravenous injection would
allow brain delivery of multiple drugs, possibility of treatment
tracking via magnetic resonance and sensing of brain tem-
perature changes occurring in a number of common human
diseases in one platform. Thus, dcHSA-NDs provide not only
a potential biomedical strategy but also an efficient platform to
study biological processes in vivo.

To evaluate dcHSA-NDs for brain targeting in vivo via BBB
crossing, we demonstrated that dcHSA-NDs 1) were able to cross
the BBB in an in vitro model and 2) were endocytosed by brain
endothelial cells partly incorporated in endosomal compartments
and lysosomes and released on the abluminal side. Here the par-
ticles 3) were taken up by neurons and astrocytes, and 4) were
transported via cell-to-cell connections of tunneling nanotubes.
5) Cell viability or BBB integrity in vitro was not affected. 6) Most
importantly, investigated fluorescent dcHSA-NDs crossed BBB
in healthy mice reaching the brain parenchyma and could be
tracked at the single cell level. Our results clearly demonstrate
the great potential of fluorescent dcHSA-NDs as a delivery plat-
form for BBB transport and provide promising evidence for
future personalized nanotheranostic applications in neurological
diseases and the study of disease mechanisms in the brain.

2. Results and Discussion

2.1. Characterization of dcHSA-NDs

To design a NDs system, which is able to cross an intact blood—
brain barrier, their transport needs to be controlled addressing
endocytosis and transcytosis. Therefore, we selected denatured
and cationized albumin as NDs coating, which facilitates cell
penetration and intracellular trafficking and final release on
the brain side after transcytosis.?%3! Cationization of HSA is
accomplished by reacting about 100 carboxylic acid groups of
the aspartic acid and glutamic acid side chains with ethylenedi-
amine in excess yielding cHSA with about 159 primary amino
groups as reported previously.?%32 cHSA provides the positive
charges necessary for NDs coating by electrostatic interactions
with the negatively surface charges of NDs (Figure 1A) and facil-
itates to enhanced cellular uptake due to interactions with the
negatively charged cellular membrane.%33 Furthermore, about
20 polyethylene glycol (PEG) polymer chains with an average
molecular weight of 2000 g mol™ were covalently attached
addressing about 20 of the about 159 amino groups on the
denatured HSA (Figure S1, Supporting Information) to form
the final dcHSA-PEG depicted in Figure 1.3% PEG(2000) chains,
which provide an extended hydration shell, impart high colloidal
stability in biological solutions, and reduce protein binding in
plasma.?% For coating, the NDs were first dispersed in boric
acid buffer (20 x 10 m, pH 8.4) by sonication. Then, the dis-
persion was added to dcHSA-PEG-BDP or dcHSA-PEG-Rho
(12 mg) and dissolved in a larger volume of boric acid buffer (pH
8.4) by a dropping funnel. The mixture was stirred at room tem-
perature overnight. After coating overnight, dcHSA-NDs were
separated from the unbound dcHSA-PEG by centrifugation.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. NDs are encapsulated by a HSA-based biopolymer. A) Preparation of dcHSA-NDs starts from native HSA, which is cationized, conjugated to
PEG2000 chains and denaturated to afford dcHSA-PEG. The positively charged dcHSA-PEG offers multiple electrostatic interactions with the negatively
charged NDs surface, and NDs are coated with the biopolymer to yield dcHSA-NDs. B) HRTEM of nanodiamonds which reveals the typical carbon
lattice structure. C—F) TEM images of NDs 1 (18.7 nm) C) and NDs 2 (25.5 nm) D), and TEM images of dcHSA-PEG-coated 1 E) and 2 NDs F); scale
bar = 50 nm. G) Hydrodynamic diameter (nm) of 1 and 2 NDs without (white) or with (black) coating.

All synthesis steps and all characterizations are given in the
Supporting Information.

The zeta-potential measurement clearly showed a change from
the negatively-charged, uncoated NDs to positively-charged, pro-
tein-coated dcHSA-NDs (zeta potentials: NDs (-28.5 £ 1.0 mV),
dcHSA-NDs (26.3 + 0.7 mV), and dcHSA-PEG (11.9 + 3.7 mV);
Figure S3, Supporting Information). To address the size-
dependent impact of dcHSA-NDs on in vitro BBB transport,
dcHSA-NDs of two different sizes (about 40 nm for dcHSA-NDs
1 and 55 nm for dcHSA-NDs 2) were separated from the same
batch. The hydrodynamic diameter after coating was assessed
by DLS (dynamic light scattering) in MilliQ water. The average
diameters changed from 28.47 + 0.22 nm before coating to
41.55 £ 0.20 nm for dcHSA-NDs 1 (40 nm) and 36.68 = 0.18 nm
to 55.87 £ 0.92 nm for dcHSA-NDs 2 (55 nm), respectively
(Figure 1G). The morphology of the NDs before and after coating
was characterized by transmission electron microscopy (TEM).
From the TEM images, histograms were created displaying
the sizes of NDs 1 (18.7 + 3.4 nm) and NDs 2 (25.5 £ 5.5 nm)
that support the results obtained from the DLS measurements

Small 2019, 15, 1902992 1902992 (3 of 12)

(Figure S2, Supporting Information). Furthermore, uncoated
NDs formed clusters visible in TEM images (Figure 1C,D). In
contrast, discrete nanoparticles of dcHSA-NDs were observed
(Figure 1E,F) indicating the successful coating and stabilization
of the NDs by the dcHSA-PEG shell. In addition, we recorded
high-resolution TEM (HRTEM); it was accomplished to visu-
alize the typical diamond lattice structure (Figure 1B).

The stability of the coated polymer shell on the surface of
NDs (dcHSA-NDs 1 and 2), was further assessed in agarose gel
(Figure S4, Supporting Information). The overlap of the three
signals for NDs, the protein coating, and its rhodamine label
proved that the coating of dcHSA-NDs even remained stable
in harsh condition during gel electrophoresis (1x TAE (Ttis
base-Acetic acid-EDTA) buffer and electric field).

2.2. dcHSA-NDs Are Transported Across BBB in an In Vitro Model
To investigate the ability of dcHSA-NDs to cross the BBB, an in

vitro model composed of the endothelial cell line bEnd.3 cells

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. dcHSA-NDs are transported across BBB in vitro. A) Schematic
presentation of in vitro model with bEnd.3 cells seeded in monoculture
on transwell inserts. B) Absolute TEER values automatically measured
during the whole experiment by CellZscope from t, of dcHSA-NDs appli-
cation to t,, of transport assay. Data are expressed as Q X cm?. C) Mean
transport across bEnd.3 cell monolayer for 1 or 2 dcHSA-NDs. dcHSA-
NDs were applied at a concentration of 30 ug mL™" for 24 h. Abluminal
fluorescence is expressed as relative values compared to the 100% of
dcHSA-NDs transport in inserts without cells (100% dcHSA-NDs); n > 6
wells from 3 cultures, one-way ANOVA, ***p < 0.001, ns = not significant.

seeded on the luminal side of a transwell insert was applied
(Figure 2A). In this in vitro model, the luminal compart-
ment represents the bloodstream and the abluminal compart-
ment represents the brain. The in vitro BBB model has been
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validated after bEnd.3 cell seeding by continuously monitoring
the transendothelial electrical resistance (TEER) using the
CellZscope system, which indicates whether these cells have
formed a tight cell barrier. TEER values higher than 40 Q x cm?
were considered adequate to exclude relevant paracellular trans-
port (Figure 2B).2* Additionally, the apparent permeability
coefficient (P,p,) as a validation parameter of a hydrophilic
tracer, FITC-dextran 4 kDa, was measured to ensure the forma-
tion of tight cell junctions restricting paracellular diffusion. The

mean P,,, was 2.98 + 1.23 x 10°° cm s7', which is in the range

of optimal P, for BBB model.l*’!
The two different sizes of tested nanodiamonds,

dcHSA-NDs 1 (40 nm) and dcHSA-NDs 2 (55 nm), were
applied with a concentration of 30 ug mL™! in the luminal com-
partment of the transwell BBB model to assess their ability to
traffic from luminal across bEnd.3 cells to abluminal and to
assess the impact of NDs size changes on BBB transport. After
24 h treatment, dcHSA-NDs fluorescence was quantified in
collected abluminal medium to determine the transport rate.
A transport of 100% indicated passive diffusion of dcHSA-NDs
in transwell inserts without cells. dcHSA-NDs were capable
to efficiently cross the BBB in vitro. Transport of 45.17 + 7%
(one-way analysis of variance (ANOVA); p < 0.05; n = 6 wells
from 3 cultures) for dcHSA-NDs 1 (40 nm) and 38.6 £ 7.6%
(one-way ANOVA; p < 0.05; n = 6 wells from 3 cultures) for
dcHSA-NDs 2 (55 nm) was measured compared to the 100%
control (100% dcHSA-NDs 1: 100 £ 5.4%; 100% dcHSA-NDs 2:
100 + 3%; n = 6 wells from 3 cultures) (Figure 2C). The trans-
port rate did not show a significant size dependent difference
(dcHSA-NDs 1 vs dcHSA-NDs 2: one-way ANOVA, p > 0.05).

2.3. dcHSA-NDs Undergo Internalization and Intracellular
Trafficking in Brain Endothelial Cells

In order to understand the mechanisms underlying the
dcHSA-NDs endothelial transport, their uptake and intracel-
lular localization were studied in more details. Using fluoro-
cytochemistry, dcHSA-NDs-containing vesicles were detected
in bEnd.3 cells (Figure 3A) indicating that the transport of
dcHSA-NDs is an active endocytosis and transcytosis process.
Fluorescent NDs were tracked by reflection as well as NV
signals and the dcHSA-PEG-shell was detected independently
by following the signal of bodipy-488-labelling on dcHSA-
PEG to evaluate, whether the NDs coating remains stable in
the cellular environment. Colocalization of the signals was
observed (Figure S5, Supporting Information) demonstrating
that dcHSA-NDs reached intracellular compartments and that
the biopolymer shell remained attached to the NDs during
uptake and intracellular trafficking. Furthermore, comparing
dcHSA-NDs with and without NV-centers, we found no
difference in cell uptake, hence dcHSA-NDs with and without
NV-centers were used.

Next, we studied some of the mechanisms involved in cellular
uptake and intracellular trafficking. bEnd.3 cells were treated
with dcHSA-NDs in combination with FITC-labeled transferrin
(TF, via clathrin-mediated uptake) or the B subunit of cholera
toxin-alexa-488 (CTX, via caveolae-mediated uptake) for 24 h
to identify their endocytotic pathway. Cellular couptake was

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. dcHSA-NDs are taken up by bEnd.3 cells and localize in endo-
somal compartments. Representative confocal orthogonal view and 3D
reconstruction of dcHSA-NDs (red) uptake A) or colocalization with CTX
or TF (green) B); scale bar =5 um. C) Percentage of colocalizing dcHSA-
NDs-containing-vesicles with CTX or TF containing vesicles; n =12 ROls
from 3 cultures, Mann-Whitney U test, ***p < 0.001. D) Representative
orthogonal view of dcHSA-NDs with EEA as early endosomes marker
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analyzed by quantification of colocalizing vesicles in confocal
z-stacks. dcHSA-NDs vesicles colocalized 27.7 + 3.07% with TF
and 70.55 + 3.9% with CTX positive vesicles showing a signifi-
cantly higher preference of dcHSA-NDs for caveolae-mediated
endocytosis (TF vs CTX: n = 12 regions of interest from 3
cultures, Mann-Whitney U test, p < 0.0001) (Figure 3B,C).
Caveolae-mediated uptake has been shown to be fundamental,
specifically for cationized-albumin, more than native albumin
in brain endothelial cells**3”! and our data clearly showed that
dcHSA-NDs also followed predominantly this pathway.

After cellular uptake via both clathrin-mediated or caveolae-
mediated endocytosis, early endosomes (EE) typically maturate
to late endosomes (LE) and lysosomes.*® To assess whether
dcHSA-NDs localize in EE or LE/lysosomes, costainings were
performed with early endosome antigen (EEA) marker or
lysosomal-associated membrane protein 1 (LAMP-1) marker,
respectively. Confocal microscopy revealed that dcHSA-NDs
appear within both EE and LE/lysosomes (Figure 3D). Quanti-
tative analysis showed a minor colocalization of 2.4 £ 0.5% with
EE and about 15.14 + 4.15% with LE/lysosomes (n = 12 regions
of interest from 3 cultures, Mann-Whitney U test, p < 0.0001)
(Figure 3E). These results can be expected, considering that the
retention time in EE usually is only a few minutes.?% After 24 h
most of the dcHSA-NDs-containing-EE already undergo matu-
ration in LE and LE/lysosome fusion, which explains why LE/
lysosomes represent the endosomal compartments with most
pronounced colocalization. These data correspond to previous
data of dcHSA-NDs in LE/lysosomes of cancer cells. Cells
treated with doxorubicin-loaded-dcHSA-NDs released the drug
doxorubicin into the cytosol by an endosome/lysosome escape
mechanisms.’”) The transport data confirm these results,
although part of dcHSA-NDs localize in LE/lysosomes, a con-
sistent percentage of dcHSA-NDs is able to follow a transcytotic
pathway thus avoiding intracellular entrapment. We further
assessed whether dcHSA-NDs induced autophagy and were
subsequently internalized in autophagosomes. Costaining
with the autophagosome marker microtubule-associated pro-
tein 1A/1B-light chain 3 (LC3) was performed to study possible
dcHSA-NDs autophagosome incorporation. Representative
orthogonal z-stacks showed LC3-positive vesicles in both CTR
and dcHSA-NDs treated cultures (Figure S6A, Supporting Infor-
mation). Only 0.98 £ 0.52% (n = 10 regions of interest from
3 cultures) of dcHSA-NDs colocalized with LC3-positive-vesicles
(Figure S6B, Supporting Information), which is a negligible
value considering the high rate of basal autophagy in endothelial
cells.?) Thus, no induction of autophagy and no dcHSA-NDs in
autophagosomes were observed. Since an increase in autophagy
is also a marker for cellular stress, dcHSA-NDs-related cellular
stress could be excluded by this test.

2.4. dcHSA-NDs Are Taken up by Neurons and Astrocytes

High intracellular trafficking into endothelial cells underlines
the potential of dcHSA-NDs to cross the BBB after transcytosis

or LAMP-1 as late endosomes marker; scale bar = 7 um. E) Quantifica-
tion of colocalization for dcHSA-NDs-containing vesicles with EE or LE;
n =12 ROIs from 3 cultures, Mann—Whitney U test, ***p < 0.001.
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to reach the abluminal compartment in vitro. In physiological
conditions dcHSA-NDs may also interact with other cell types
such as neurons and astrocytes after trafficking from blood
to the brain parenchyma. Therefore, we studied whether
dcHSA-NDs were also taken up by murine primary neu-
ronal cells. Astrocytes were stained against glial fibrillary
acidic protein (GFAP) while neurons were stained against
the neuronal nuclear protein NeuN to visualize the cell body
or B-IlI-tubulin for imaging of axons and dendrites. Orthog-
onal view from z-stacks of dcHSA-NDs-treated astrocytes
showed high uptake predominantly in the perinuclear region
(Figure 4A). However, in neurons, confocal microscopy showed
higher localization of dcHSA-NDs in axons and dendrites than
in the perinuclear region, which is clearly visible in the B-III-
tubulin and in the NeuN staining (Figure 4B). In summary,

A CTR

DAPI/GFAP

DAPI/R-111-Tubulin

DAPI/NeuN

www.small-journal.com

our data demonstrate that dcHSA-NDs are able to cross the
BBB model system under in vitro conditions and provide high
potential for passing the BBB to reach different target cells in
the brain, which is an essential feature to track delivery and
modulate pathophysiology of neurological disorders at different
target sites.

2.5. dcHSA-NDs Tracking Reveals Direct Cell-Cell Transport

Most dcHSA-NDs-containing vesicles were localized in the
perinuclear region in bEnd.3 cells and astrocytes. However,
dcHSA-NDs-containing vesicles were also detected in distal
subcellular areas, and this peripheric localization was mostly
in neuronal cells, which prompted us to investigate distal

dcHSA-NDs

Figure 4. dcHSA-NDs are taken up by neurons and astrocytes in vitro. A) Representative confocal orthogonal views of dcHSA-NDs (red) uptake in
astrocytes labeled by GFAP marker (green). B) Neuronal uptake of dcHSA-NDs. Neuronal cell body stained by NeuN (magenta) and dendntes and

axons stained by B-lll-tubulin (green); scale bar =5 um.
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Figure 5. Tracking of fluorescent dcHSA-NDs direct cell-cell migration via TNTs. A) Representative confocal orthogonal view of dcHSA-NDs (green)
localization in phalloidin-labeled-actin (magenta) bridges in bEnd.3 cells. White arrows indicate dcHSA-NDs localized in TNTs. B) Time-lapse tracking
of dcHSA-NDs movements along TNTs in bEnd.3 cells merging BF picture with those of fluorescence at 0 min (red) and 45 min (green). White circles
indicate the tracked dcHSA-NDs; white arrows indicate length and direction of dcHSA-NDs migration. C) Representative time lapse of dcHSA-NDs
movement along TNTs in neurons. Dashed lines indicate the edges of dcHSA-NDs-containing vesicle movement. Scale bar = 20 um.

localization of dcHSA-NDs. Intriguingly, after staining the
cellular cytoskeleton with rhodamine-phalloidin, fluorescent
dcHSA-NDs vesicles were detected in a cell structure connecting
two adjacent cells (Figure 5A). Actin bridges have been identi-
fied as tunneling nanotubes (TNT) that have been observed in
vitro for many cell types as well as in in vivo for developing
embryos of different species.**#1l TNTs are thin membranous
bridges connecting cells over long distances and transferring
various cellular components from cell to cell.*!

Small 2019, 15, 1902992 1902992 (7 of 12)

In order to study cell-cell migration of dcHSA-NDs, live
cell imaging was carried out to track dcHSA-NDs-vesicles
moving along TNTs (Video S1, Supporting information). Detec-
tion of dcHSA-NDs fluorescence at 0 and 45 min merged
with brightfield pictures at 0 min allowed visualization of
different vesicle movements at varying positions along the
same TNT (Figure 5B). Time-lapse tracking clearly showed a
unidirectional migration of dcHSA-NDs-vesicles from an
initiating cell to a target cell and accelerated movement when

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. dcHSA-NDs do not affect BBB integrity and cell viability.
A) BBB in vitro integrity investigated for 24 h of dcHSA-NDs treatment
on bEnd.3 cell monolayer. TEER was measured by CellZscope and the
values at t = 0 were set to 100% and each following measurement was
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dcHSA-NDs-vesicles approached the target cell (Figure 5B;
white arrows). We speculate that the differences in move-
ment could be due to restricted available space, a “bottle-neck,”
during the entry phase, in which the vesicle diffuses randomly
in the cytosol. This could explain the observed slower migra-
tion of dcHSA-NDs vesicles close to the beginning of the TN'Ts
(Figure 5B), which then changes to a directional motion in the
TNT, induced by molecular motors in actin- and tubulin-medi-
ated transport. [l

TNT formation was also demonstrated in neurons and astro-
cytes. 34 In an immature neuronal/glial coculture, fluo-
rescent dcHSA-NDs-vesicles could also be tracked by live cell
imaging in membrane cell-cell connections as observed for
bEnd.3 cells (Figure 5C; Video S2, Supporting Information). Cos-
tainings with GFAP, B-III-tubulin, and rhodamine—phalloidin
showed TNTs connecting astrocytes and neurons (Figure S7,
Supporting Information). Our data complements previous
studies on TNT transport of fluorescent NDs in HEK293T and
SH-SY5Y neuroblastoma cells in vitro for intercellular cargo
delivery.*”l However, we demonstrate for the first time intercel-
lular transport of fluorescent dcHSA-NDs in brain endothelial
cell line and primary neuronal/glial cells. Our data show migra-
tion of dcHSA-NDs from cell to cell for NVU cells along TNTs
without the need of being released to the extracellular environ-
ment. Intriguingly, these data strongly suggests direct cellcell
transfer of dcHSA-NDs across a biological barrier for brain
delivery. The direct cell-cell migration across the BBB would be
of high value due to a possible faster and more specific delivery
pathway avoiding extracellular interactions of dcHSA-NDs.

To summarize, these in vitro results suggest intracellular
trafficking leading to transcytosis and direct cell-cell transport
of dcHSA-NDs from the luminal to abluminal compartment
with no involvement and induction of autophagy.

2.6. dcHSA-NDs Have No Impact on BBB Integrity
and Cell Viability

The biocompatibility of dcHSA-NDs is crucial for bioapplica-
tions. Thus, the impact of dcHSA-NDs on bEnd.3 cell monolayer
integrity and astrocyte and neuron viability was investigated.
TEER was constantly measured using a CellZscope during the
dcHSA-NDs treatment in transwell inserts to monitor bEnd.3
monolayer integrity. Comparing TEER measurement of control
(CTR) and dcHSA-NDs-treated inserts, showed a slight tendency
of the CTR to decrease compared to dcHSA-NDs samples (n =6
wells from 3 cultures, two-way ANOVA, p > 0.05) (Figure 6A).
These results indicate preservation of BBB integrity after
dcHSA-NDs treatment. The general decrease of TEER values at
the beginning of the treatment is due to perturbations in the
assay related to medium exchange. The treatment at time = 0
produced a fluctuation-dependent instability in the TEER meas-
urement that became stable again within the following hours.

expressed in relative percentage; n = 6 wells from 3 cultures. B,C) Cell
viability after dcHSA-NDs treatment in astrocytes B) or in neurons C) for
24 h with concentrations from 0.5-30 ug mL™" quantified by Alamar Blue
assay. Dead cell control: cell toxin staurosporine (Stauro). n > 7 from
3 cultures; one-way ANOVA; **#p < 0.001.
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Cell vitality in astrocytes and neurons was assessed in an
alamar blue assay applying different concentrations (0.5, 10,
or 30 ug mL™") of dcHSA-NDs. Our results showed no signifi-
cant change in cell vitality of both astrocytes (n > 7 wells from
3 cultures, one-way ANOVA, p > 0.05) (Figure 6B) and neurons
(n > 7 wells from 3 cultures, one-way ANOVA, p > 0.05)
(Figure 6C) for all investigated concentrations. Staurosporine,
a cell toxin serving as control, resulted in a significant decrease
in cell viability compared to CTR (n > 7 wells from 3 cultures,
one-way ANOVA, p < 0.0001) (Figure 6B,C). These data indicate
that dcHSA-NDs are well tolerated by cells of the NVU in vitro,
which is a first indication of high biocompatibility and which is
crucial for conducting in vivo experiments.

2.7. Fluorescent dcHSA-NDs Cross the BBB and Can be Tracked
at the Single Cell Level in Astrocytes and Neurons In Vivo

To assess the potential of fluorescent dcHSA-NDs for clinical
applications, we investigated whether fluorescent dcHSA-NDs
injected intravenously in mice were able to reach the brain.
24 h after dcHSA-NDs application (500 pug mL™! of blood),
brain and liver were screened for dcHSA-NDs signals. Liver
was used as positive control since biodistributional studies
have clearly demonstrated that many cationic nanoparticles
are highly taken up in the liver.*”! Thus, high uptake in liver
slices allowed comparison of dcHSA-NDs signals (reflec-
tion, bodipy488-labeled-dcHSA-shell, NV) intensity in tissue
(Figure S8, Supporting Information). Colocalization of signals
originating from NDs and Bodipy-488 labeling on dcHSA-
PEG-shell suggest that at least the dcHSA-NDs, which show
colocalization, maintain their integrity in vivo. Detection by
reflection represents the most reliable detection system since
it images all NDs in the sample, independent of the pres-
ence or absence of NV centers (not all NDs have NV centers).
Therefore, brain slices were carefully analyzed for dcHSA-NDs
reflection signals. The orthogonal view of confocal z-stacks
showed dcHSA-NDs in brain slices (Figure 7A). In order to
identify dcHSA-NDs-positive cells, astrocytes and neuronal
cell bodies were stained for GFAP and NeuN, respectively.
dcHSA-NDs were clearly detectable at the single cell level
close to blood vessels and some NPs-containing vesicles colo-
calized with GFAP-positive astrocytes surrounding vessels or
NeuN-positive neurons as observable from 3D reconstructions
(Figure 7B,C). Biodistribution studies were accomplished to
identify organs showing dcHSA-NDs uptake. Liver and spleen
showed the highest uptake after 24 h (Figure S9, Supporting
Information). However, the observed brain uptake indicates an
adequate circulation time of dcHSA-NDs in the bloodstream
required for transport into the brain. Additionally, the organs
with the highest uptake are also the ones involved in the clear-
ance of drugs and exogenous molecules. Observed kidney
uptake in particular in an area identified as the glomeruli,
the region of ultrafiltration, suggests clearance of the particle
(Figure S9, Supporting Information). It is important to under-
line that after dcHSA-NDs ultrafiltration from blood to primary
urine, they might still be reabsorbed to the bloodstream. Com-
paring the biodistribution of dcHSA-NDs to published data for
50 nm uncoated NDs, both systems were found in liver, spleen,
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kidney, and lung, while our dcHSA-NDs clearly revealed
uptake in the brain, more uptake in spleen and less in lung.
Both particle systems exhibit low uptake rates for the heart.[*9]
Also, for other brain-targeted particles such as liposomes,
bispecific antibodies or gold nanoparticles targeting the trans-
ferrin receptor, high uptake in liver, kidney, and spleen was
observed, while uptake into the brain of healthy WT mice was
in most cases about 20 times less pronounced.[*—#]

Thus, these data clearly confirm the ability of dcHSA-NDs to
cross the BBB and reach the brain parenchyma in vivo. Com-
bined with the in vitro data, we assume a transcytotic process
involving also direct cell-cell migration from brain endothelial
cells to neurons via astrocytes incorporation occurring in vivo
as also observed in vitro.

3. Conclusions

Previous studies on NDs were exclusively based on invasive in
situ brain delivery approaches that were not able to solve the
challenge of systemic NDs delivery into the brain after intra-
venous injection.?%?” Herein, for the first time, we evaluated
fluorescent NDs with a dcHSA-PEG protein coating in mice
after systemic application and revealed efficient transport
across an intact BBB in vivo. The NDs reached the abluminal
side via intracellular trafficking and were taken up by astro-
cytes and neurons. We also provided new insights in dcHSA-
NDs trafficking via direct cell-cell interactions mediated by
TNTs. We demonstrate successful BBB crossing and tracking
of fluorescent dcHSA-NDs at the single cell level within a com-
plex neuronal system, thus achieving for the first time systemic
delivery of fluorescent dcHSA-NDs into the brain.

Fluorescent NDs offer great potential as nanotheranostics
due to their optical properties such as stable fluorescence, the
option for nuclear spin polarization allowing hyperpolarization
and MRI detection®®*! and biocompatibility.?* Therefore,
we propose dcHSA-NDs as nanotheranostic for neurological
diseases such as glioma, as they combine within one platform
1) the fluorescent properties of fluorescent NDs and detection
by refraction due to the diamond lattice, 2) the natural
albumin-mediated “recruitment” at the tumor site as well as
3) multiple available groups to attach anticancer drugs. It is
conceivable that HSA conjugates enrich at tumor sites in vivo.
Matsumura and Maeda have shown that the accumulation of
intravenously injected Evans blue-albumin complex accumu-
lates in tumor tissue.”? Since then others have demonstrated
accumulation of albumin in many other carcinomas as welll*?!
and these attractive features were also reported for cationized
albumin.’*>1 dcHSA-NDs conjugated with multiple copies
of the antitumor drug doxorubicin were applied previously to
target cancer cells in a human breast cancer xenograft model
and pronounced antitumor efficacy was demonstrated, as well
as high particle stability, which is a critical concern for further
clinical application.*

In summary, we show for the first time successful brain
delivery and tracking of fluorescent dcHSA-NDs at the single
cell level in vivo. Our data in combination with the observed
antitumor efficiency of doxorubicin-coated dcHSA-NDs in the
peripheral breast cancer model suggest that dcHSA-NDs could
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Figure 7. In vivo fluorescent dcHSA-NDs cross the BBB and are tracked on single cell level in neurons and astrocytes. A) Representative confocal
orthogonal views of dcHSA-NDs (white) signals in brain slices. B,C) Representative confocal orthogonal view of dcHSA-NDs (white) localization in
GFAP-positive astrocytes (green) B) and NeuN-positive neurons (green) C); scale bar = 40 um.

emerge as nanotheranostics for systemic applications in per-
sonalized treatment of neurological diseases such as glioma.

4. Experimental Section

Ethical Approval: All experimental procedures were approved by the
ethical committee of the “Landesuntersuchungsamt Rheinland-Pfalz”

Small 2019, 15, 1902992 1902992 (10 of 12)

and the authority “Landesuntersuchungsamt Rheinland-Pfalz” protocol
number: “Aktenzeichen: 23 177-07/G 16-1-024.” Principles of laboratory
animal care (European, national and international laws) were followed.

Materials: If not stated otherwise, chemicals were obtained from
Sigma-Aldrich, Seelze or Hamburg, Germany.

In Vitro Transport Assay: With mean TEER values of at least
40 Q x cm?, dcHSA-NDs 1 (40 nm) and 2 (55 nm) were applied in the
luminal compartment of the in vitro BBB model with a concentration

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of 30 ug mL™". Crossing rate was quantified by rhodamine labeling of
dcHSA-NDs. Fluorescence was measured with Infinite F1000 TECAN
plate reader. Fluorescence intensity in abluminal compartment of
transwell inserts without cells was set to 100% and the percentage of
crossing was calculated as relative values.

Uptake and Couptake of dcHSA-NDs in bEnd.3 Cells: dcHSA-NDs
or fluorescent dcHSA-NDS were applied in a final concentration of
30 ug mL™" to bEnd.3 cells, primary murine astrocytes or neurons seeded
on coverslips for 24 h. For couptake studies, dcHSA-NDs were applied
in combination with 120 pg mL™" transferrin-Alexa Fluor 488 (T13342,
Invitrogen) or 15 pg mL™" cholera toxin B subunit-FITC (C1655). Cells
were finally fixed with paraformaldehyde (PFA) 4%.

Live Cell Imaging: bEnd.3 cells or neurons/glia cocultures (DIV 2) were
treated with fluorescent dcHSA-NDs (30 pug mL™") for 24 h. Cells were
washed with PBS and fresh medium was added to start live cell imaging.
45-minutes live cell imaging was carried out with IX81 microscope and a
monochrome fluorescence CCD camera XM10 using the cell"F Software
(Olympus). Movies were edited with Windows Live Movie Maker. 45 min
recording time are presented in 2 s videos for bEnd.3 or 6 s videos for
neurons.

Quantification of Colocalization: Images were taken by TCS SP5
confocal (Leica). For quantification of intracellular colocalization,
z-stacks were deconvolved by Huygens Essential software. Using Image |
software, the percentage of vesicles containing dcHSA-NDs colocalizing
with a certain intracellular compartment was analyzed setting arbitrary a
threshold of 40% of colocalization for each vesicle to avoid false positive
values. In addition, deconvolved z-stacks were analyzed by JacoP plugin
in Image] to calculate Van Steensel’s cross-correlation functions (CCFs)
as proof of colocalization data.®l

Cell Viability Assay: Cytotoxity on astrocytes and neurons was
investigated using the cell viability Alamar Blue assay. Cells were treated
with dcHSA-NDs for 24 h after reaching confluence for astrocytes
and at a cell density of 200 000 cells/well for neurons. Cells were washed
with HBSS-/-, and resazurin (R7017) was applied in each well with a
final concentration of 16.66 ug mL™ in HBSS+++ (100 pL). After 1 h
incubation, fluorescence was measured spectrophotometrically using
Tecan Infinite F1000 plate reader (Tecan, Salzburg, Austria). Fluorescence
values were corrected to fluorescence of media without cells (blank). Cell
viability (%) was related to untreated control cells (100%).

In Vivo Fluorescent dcHSA-NDs Uptake: Fluorescent dcHSA-NDs
with bodipy488-labeled-dcHSA-PEG in PBS were intravenously injected
(500 pg mL™") in C57BL/6 P21-29 mice for 24 h. After treatment mice
were perfused with PBS/heparin-natrium (Ratiopharm, 5000 E.l.) and
subsequently with PFA 4%. Liver and brain were collected and incubated
overnight in PFA 4%. The day after, organs were washed with PBS
followed by equilibration in 30% of sucrose. 30 um slices were obtained
using a freezing microtome (Leica CM 1325).

Data Analysis: Data were analyzed with GraphPad Prism 5 software
(Graph Pad, La Jolla, CA, USA) and presented as mean + SEM.
Statistical analyses were performed with Mann-Whitney U test,
ANOVA one way. p < 0.05 was considered as statistically significant*,
p < 0.01%%, p < 0.007 %%,

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Alpha-methoxy-omega-carboxylic acid succinimidyl ester poly(ethylene glycol) was
purchased from Rapp Polymer. BODIPY® FL NHS was purchased from Lumiprobe.
Fluorescent nanodiamonds were ordered from FND Biotech (Taiwan) and non-fluorescent
nanodiamonds were ordered from Microdiamond. All other chemicals were purchased from

Sigma Aldrich.

Preparation of cHSAM!

Human serum albumin (HSA) was converted to cationized HSA (cHSA) by adding an
ethylenediamine hydrochloride solution (EDC, 2.5 M, pH 4.75) with 2000 equivalents of
EDC for 75 min. The product was purified by Vivaspin 20 (30 kDa molecular weight cut-off
filter) centrifugal concentrator. Native HSA possesses (UniProt P02768) 99 —COOH groups
(Asp + Glu + C-terminus) as well as 60 —NH; groups (Lys + N-terminus). Assuming all —
COOH groups are reacting with ethylenediamine the theoretical molecular weight of cHSA is
70.9 kDa which fits to our result in Figure S1. See further discussion in our previous

publications.t*' %

Preparation of dcHSA-PEG!H!
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dcHSA-PEG was synthesized as reported before.! cHSA was subsequently reacted with
alpha-methoxy-omega-carboxylic acid succinimidyl ester poly(ethylene glycol) (MeO-
PEG2000-NHS, 30 equivalents) in sodium phosphate buffer (50 mM, pH 8.0) to obtain
CHSA-PEG. Finally, cHSA-PEG was denatured in urea-phosphate buffer (50 mM phosphate
buffer, pH 7.4, 5 murea and 2 mM ethylenediaminetetraacetic acid (EDTA)) and reacted with
20 equivalents tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 200 equivalents N-
(2-aminoethyl)maleimide trifluoroacetate to reduce disulfide bonds and cap the thiol groups.
dcHSA-PEG was isolated and Maldi- TOF analysis gave an average increase in the molecular
weight of about 40 KDa indicating the attachment of about 20 PEG(2000) chains to the cHSA
backbone (Figure S1).

Maldi-TOF was performed on a Bruker Daltonics Reflex 111 spectrometer. Saturated solution
of sinapinic acid dissolved in a 1:1 water:acetonitrile with 0.1% trifluoroacetic acid was used

as matrix solution.

Preparation of dcHSA-PEG-BDP and dcHSA-PEG-Rho

Afterwards, dcHSA-PEG was labelled by adding BODIPY® FL NHS-ester (BDP NHS-ester,
Lumiprobe). In detail, dcHSA-PEG (35 mg, 0.34 umol, 1 equivalent) was dissolved in 17 ml
of phosphate buffer (50 mM, pH 8.0). After a few minutes, the BDP FL NHS-ester (1 mg, 2.7
pmol, 8 equivalents) dissolved in 1.5 ml dimethyl sulfoxide was added and the reaction
mixture was stirred at room temperature for 2 h. The free dye was removed by ultrafiltration
using Vivaspin 20 (30 kDa molecular weight cut-off filter) and washed 3x with MilliQ water.
The product was freeze dried to obtain dcHSA-PEG-BDP. Rhodamine labelled dcHSA-PEG-
Rho was prepared and purified with the same protocol by adding 5(6)-carboxy-X-rhodamine

N-succinimidyl ester (Sigma-Aldrich, Germany).

Preparation of coated NDs
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Fluorescent NDs (35 nm, 3 mg, FND Biotech, Taiwan), or NDs (25 nm, 3 mg, Microdiamant
GmbH, Germany) were dispersed in 30 ml MilliQ water or boric acid buffer (20 mM, pH 8.4),
respectively, by sonication. Afterwards, the fluorescent NDs or NDs mixture was added to
dcHSA-PEG-BDP or dcHSA-PEG-Rho (12 mg) and dissolved in 120 ml of MilliQ water or
boric acid buffer, 20 mM, pH 8.4) by dropping funnel. The mixture was stirred at room
temperature overnight. The coated fluorescent NDs were concentrated using Vivaspin 20 (30
kDa molecular weight cut-off filter) and afterwards free protein was removed by
centrifugation (2x MilliQ water, 1x Dulbecco's phosphate-buffered saline, DPBS, 18000 g).
Finally, a 4 mg ml™ solution of coated fluorescent NDs in DPBS was prepared for further in
vivo studies. In the case of size different batches for initial in vitro transport, different sized
NDs were obtained by ultracentrifugation, and were coated by dcHSA-PEG-Rho with the

above described coating protocol.

Calculation of the amount of dcHSA-PEG attached to nanodiamonds

The fluorescence intensity of BODIPY attached to dcHSA-PEG was used to calculate the
amount of dcHSA-PEG which is present on the nanodiamond. As described above, the NDs
were coated with dcHSA-PEG. Afterwards, the free protein was removed by centrifugation
and collected. The concentration of free protein was calculated by fluorescence intensity of
the BODIPY. The fluorescence intensity of the free dcHSA-PEG as well as of four known
dcHSA-PEG concentrations (62.5 pg/ml, 125.0 pg/ml, 250 pg/ml and 500 pg/ml) for further
calibration was measured using Tecan reader (Spark20M, excitation: 480 nm, emission: 520
nm, gain: 82.). After linear fitting (Pearson R=0.99734, y=87394.46x+699.04) using
OriginPro, the fluorescence intensity of the free protein was determined. The amount of free
protein enabled to calculate the amount of protein, which was attached to the nanodiamond. In
a sample with 200 pg of NDs, 123 ug of protein was determined. Therefore, a mass to mass

ratio of protein to nanodiamond of 1:1.6 was found.
3
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Measurement of zeta-potential

The zeta-potential was measured using a Zetasizer (Nano series) from Malvern. Uncoated
NDs, dcHSA-NDs and dcHSA-PEG were all prepared as a 0.5 mg/ml solution in MilliQ

water or DPBS buffer. Zeta-potentials are shown in Figure S3.

Transmission electron microscopy characterization

5 ul of NDs 1 (40 nm) or NDs 2 (55 nm) water suspension (0.01 mg ml™) was dropped on a
300 mesh size copper grid covered with a continuous carbon film and freshly glowed,
discharged hydrophilic surface. The dcHSA-NDs 1 and dcHSA-NDs 2 TEM samples were
prepared by the same method. TEM samples were dried overnight at room temperature. TEM
images were obtained by A Jeol 1400 Transmissions electron microscope. Histogram was

created by measuring the diameter of ND using ImageJ.

Dynamic light scattering size measurement

The DLS sizes of NDs 1 and NDs 2, dcHSA-NDs 1 and dcHSA-NDs 2 (0.5 mg mI™ in MilliQ
water, 600 pul) were measured by a Malvern Zeta sizer ZEN3600 (Malvern Ltd, Malvern, UK)

at 25°C with 173° angle.

High-resolution transmission electron microscopy

High-resolution transmission electron microscopy (HRTEM) imaging was conducted by
using an aberration-corrected FEI Titan 80-300 TEM operated at an acceleration voltage of 80
kV. Negative Cs imaging technique was applied to increase the contrast of the nanodiamond

(Cs = - 20 pm, over focus). To minimize the contrast from the supporting film, nanodiamond
4
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were supported by a graphene film. Firstly, chemical vapor deposited (CVD) graphene was
transferred to a Quantifoil® grid. Then, 2 uL of dcHSA-ND solution (1pug/mL) was drop
casted onto the graphene grid. The solution was subsequently dried in ambience for

approximately 30 min.

Culturing bEnd.3 cells

The murine line, bEnd.3, from brain endothelioma (ATCC® CRL-2299™, American Type
Culture Collection, Manassas, VA, USA) was cultured as recommended by the
manufacturer.”®! Cells were cultivated at a humidified atmosphere with 37°C and 5% CO; in
DMEM (Glutamax, gibco by life technology, Darmstadt, Germany) supplemented with 10%
fetal calf serum (Biochrom, S0115) and 2% penicillin/streptomycin (Invitrogen GmbH,
Karlsruhe, Germany). Cells were seeded with 80000 cells per insert (0.3 cm?) or 100000 cells

per coverslip.

Primary murine astrocytes

Primary astrocyte cultures were prepared from six newborn mice (postnatal day P 3).
Forebrains were isolated and after meninges depletion the tissue was minced and incubated
with 0.05% trypsin/EDTA for 20 min. Horse serum 10% (HS; S9135, Biochrom) diluted in
HBSS -/- (gibco by life technology, Darmstadt, Germany) was used in order to stop the
digestion process. Cells were dispersed using Pasteur pipettes and filtered by a 40 um cell
strainer. Isolated astrocytes were seeded on poly-ornithine (P4538) coated T75-flasks in
MEM supplemented with 10% horse serum and 5 pug ml™ gentamycin. Cells were splitted 1:3
after getting to confluence. Astrocytes were seeded with 100000 cells per coverslip or per

well of a 24-well plate as requested from experimental design.

Primary murine neurons
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Primary neuronal dissociated cell culture from mice were performed as introduced by Kaech
and Banker! and optimized by the protocol of Beaudoin and colleagues™. Forebrains were
isolated from newborn mice (PO-1). After meninges depletion tissue was washed three times
with ice cold HBSS -/- and incubated for 20 min in 0.05% trypsin/EDTA (gibco by life
technology, Darmstadt, Germany). DNase | (Roche, 11284932001) (2000U in 5 ml) was
added for 5 min. Tissue was homogenized in Neuronal Plating Medium (MEM, 10% horse
serum, 0.6% glucose) and trypan blue (T8154) was used for cell counting of viable cells.
Primary neurons were seeded in plating medium with cell numbers of 200000 cells per
coverslip (SDS treated and poly-ornithine coated) or well of 24-well plate. After 30 min
medium was replaced with Neuronal Maintenance Medium [Neurobasal Medium (gibco by
life technology, Darmstadt, Germany) with 2 mM glutamine (gibco by life technology,
25030024) and supplemented with B27 Supplement (gibco, 17504044)]. Every 7 days one-

third of the medium was replaced with fresh Neuronal Maintenance Medium.

In vitro BBB model and validation by TEER and Papp measurements:

bEnd.3 cells (passage 10-30) were seeded with 80.000 cells per insert (0.3 cm?) on the
luminal side of BD Fluoroblok TM Inserts (pore size 3 pum, Corning Incorporated, Corning,
USA). Cells were grown in DMEM (Glutamax, gibco by life technology, Darmstadt,
Germany) supplemented with 10% fetal calf serum (Biochrom, S0115) and 2%
penicillin/streptomycin (Invitrogen GmbH, Karlsruhe, Germany). In vitro TEER was
measured automatically using CellZscope system (NanoAnalytics, Munster, Germany). When
the mean TEER values were at least 40 Q x cm?, FITC-dextran 4 KDa (46944) was applied at
a concentration of 100 pug ml™ to the luminal side of the transwell system for apparent
permeability (Papp) determination. After 24 h medium from the abluminal compartment was
collected and the fluorescence intensity for FD4 was measured by Infinite F1000 TECAN

plate reader. FD4 concentration was defined respect to a calibration curve obtained by the
6
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measurement of serial dilutions values and the Papp was calculated according to the following
equation(®’;

Papp = dQ/dt x 1/A x Cy [cm/s].

dQ/dt is the amount of transported FITC-dextran per minute (pg/sec.), A is the surface area of

the filter (0.3 cm?), Cy is the initial FITC-dextran concentration (100 ug ml™).

Immunocytochemistry

Cells on coverslips were fixed with PFA 4%. Probes were blocked and permeabilized with
7% normal donkey serum (Dianova, Hamburg, Germany)/0.3% Triton (T-8787) in PBS for 2
h at RT. Primary antibody was incubated in 2% bovine serum albumin (Dianova, 001-000-
161, Hamburg, Germany) with 0.05% azide and 0.1% Triton/PBS overnight at RT. Secondary
antibody and DAPI (32670) were incubated in 2% bovine serum albumin with 0.05% azide
for 2 hr at RT, followed by PBS washing. Finally, coverslips were embedded in Fluoromount

(Biozol, Eching, Germany).

Immunohistochemistry

Slices were blocked and permeabilized with 7% normal donkey serum (Dianova, Hamburg,
Germany)/0.8% Triton (T-8787) in PBS for 2 h at RT and incubated with donkey anti-mouse
FAB fragment (Dianova, 715-007-003, Hamburg, Germany) in PBS 10 x 10°m for at RT for
2 h. Primary antibody was incubated in 2% bovine serum albumin (Dianova, 001-000-161,
Hamburg, Germany) with 0.05% azide and 0.3% Triton/PBS overnight at RT. Secondary
antibody and DAPI (32670) were incubated in 2% bovine serum albumin with 0.05% azide at
RT for 2 h, followed by PBS washing. Slices were finally washed with Tris-HCI (50 x 107

M) at pH of 6.5 and embedded in CFM-3R (Citifluor Ltd., London, UK).

Antibodies and fluorescent markers
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Anti-early endosome antigen-1 (rabbit, Abcam, ab50313, 1:50), anti-lysosomal-associated
membrane protein 1 (rat, BD Biosciences, 553792, 1:50), anti-microtubule-associated protein
1A/1B-light chain 3 (mouse, Nanotools, 0260S/LC3-2G6, 1:200), anti-glial fibrillary acidic
protein (mouse, Synaptic Systems, 173011, 1:500), anti-neuronal nuclear antigen (rabbit,
Merck Millipore, ABN78, 1:500), anti- neuronal class Il B-Tubulin (mouse, BiolLegend,
MMS-435P, 1:1000), Alexa Fluor 647 donkey anti-rabbit IgG (Jackson, Dianova, 711-605-
152, 1:200), dyLight 488 anti-rat 1gG (Bethyl Lab, Biomol, 1:200), dylight 488 donkey anti-
mouse IgG (Bethyl Lab, Biomol, A90-337D2, 1:200), dylight 488 donkey anti-rabbit 1gG

(Jackson, Dianova, 711-485-152, 1:200), Rhodamine-Phalloidin (Invitrogen, R415, 1:40).

Supporting Figures
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Figure S1. Maldi-TOF spectra of dcHSA-PEG (112 KDa) and cHSA (72 KDa).
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Figure S2. Histogram of size distribution for dcHSA-NDs 1 and dcHSA-NDs 2
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Figure S3. Zeta-potential measurement. Zeta-potential of uncoated NDs (-28.5+1.0 mV),

dcHSA-NDs (26.3+0.7 mV) and dcHSA-PEG (11.9+£3.7 mV).
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UV channel Coomassie channel Photo of NDs

Figure S4. dcHSA-NDs 1 (40 nm) and 2 (55 nm) gel electrophoresis. Images of dcHSA-
ND 1 (40 nm) and dcHSA-ND 2 (55 nm) shifted in a 0.8% agarose gel by electrophoresis (80
V for 40 min). Images were captured with ultra violet light for rhodamin (left) or for dcHSA-
PEG with bright field after coomassie staining (middle) or for NDs before coomassie staining
(right). Due to the size difference, smaller dcHSA-ND 1 showed further migration distance
than dcHSA-ND 2. Overlapping of ultra violet and bright field signals; indicate that the

coating of dcHSA-ND was stable under electric field during gel electrophoresis.
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Figure S5. Intracellular colocalization of fluorescent NDs coated with bodipy488-
labeled-dcHSA-PEG. Representative confocal picture of reflection- (magenta), NV- (red),

dcHSA-PEG-shell- (green) signals for dAcHSA-NDs in bEnd.3 cells; scale bar = 20 pm.

>

CTR dcHSA-NDs B

Figure S6. dcHSA-NDs autophagosomes colocalization analysis. (A) Representative

2.04

1.54

DAPI/LC3
Colocalization (%)

confocal orthogonal view of dcHSA-NDs (red) co-staining with LC3 (green); scale bar = 5

pum. (B) Percentage of colocalizing dcHSA-NDs with LC3; n = 10 ROIs from 3 cultures.
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Figure S7. dcHSA-NDs are localized in actin bridges in neurons/glia cocultures.
Representative confocal orthogonal view of dcHSA-NDs (white) colocalization with TNTs
(white arrows) observable via phalloidin staining (magenta) and cellular specific markers:

GFAP for astrocytes (red) and R-111-tubulin for neurons (green). Scale bar = 20 um
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Figure S8. Fluorescent dcHSA-NDs liver uptake in vivo. Representative confocal picture

of reflection (white), NV (red), dcHSA-PEG-shell (green) signals for dcHSA-NDs in liver;

scale bar = 20 pm.
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Figure S9. Fluorescent dcHSA-NDs biodistribution. Representative confocal picture of
fluorescent dcHSA-NDs (magenta) in different organs; (+) or (-) represent the rate of
observed uptake in each organ; dashed circles in kidney indicate renal glomeruli perimeter;

scale bar =50 pum.
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Abstract:

Triple-negative breast cancer (TNBC) is a fast growing and strong metastasizing
tumor, which presents almost no cellular receptors that can be addressed by targeted
therapeutics. In addition, TNBC is often characterized by high tumor grading, fast growth
rates, and early metastasis. Therefore, multifunctional drug carriers allowing efficient
drug delivery and bioimaging to treat and track TNBC tissue in vivo would be highly
desirable. A human serum albumin-based polyethylene glycol copolymer (dcHSA-Gd-
Dox) is synthesized combining multiple copies of the chemotherapeutic drug
doxorubicin and gadolinium (lll) (Gd(lll))-based magnetic resonance imaging (MRI)
contrast agent. The biodegradable albumin-based nanocarriers reveal high-contrast
tumor imaging and efficient drug delivery in a preclinical TNBC xenograft model, where
the xenografts are grown on the chorioallantoic membrane of fertilized chick eggs.
dcHSA-Gd-Dox is injected intravenously, and the distribution of the compound is
monitored by MRI and inductively coupled optical plasma emission spectrometry.
dcHSA-Gd-Dox is rapidly taken up into MDA-MB-231 cells and exhibits significant
cytotoxic efficacy. dcHSA-Gd-Dox combines high tissue enrichment with low systemic
toxicity and high-contrast MRI rendering it an attractive nanotheranostic for TNBC.
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High-Contrast Magnetic Resonance Imaging and Efficient
Delivery of an Albumin Nanotheranostic in Triple-Negative

Breast Cancer Xenografts

Susanne Hafner, Marco Raabe, Yuzhou Wu, Tao Wang, Zhi Zuo, Volker Rasche,

Tatiana Syrovets, Tanja Weil,* and Thomas Simmet*

Triple-negative breast cancer (TNBC) is a fast growing and strong
metastasizing tumor, which presents almost no cellular receptors that can be
addressed by targeted therapeutics. In addition, TNBC is often characterized
by high tumor grading, fast growth rates, and early metastasis. Therefore,
multifunctional drug carriers allowing efficient drug delivery and bioimaging
to treat and track TNBC tissue in vivo would be highly desirable. A human
serum albumin-based polyethylene glycol copolymer (dcHSA-Gd-Dox) is
synthesized combining multiple copies of the chemotherapeutic drug
doxorubicin and gadolinium (lll) (Gd(l11))-based magnetic resonance imaging
(MRI) contrast agent. The biodegradable albumin-based nanocarriers reveal
high-contrast tumor imaging and efficient drug delivery in a preclinical TNBC
xenograft model, where the xenografts are grown on the chorioallantoic
membrane of fertilized chick eggs. dcHSA-Gd-Dox is injected intravenously,
and the distribution of the compound is monitored by MRI and inductively
coupled optical plasma emission spectrometry. dcHSA-Gd-Dox is rapidly
taken up into MDA-MB-231 cells and exhibits significant cytotoxic efficacy.
dcHSA-Gd-Dox combines high tissue enrichment with low systemic toxicity
and high-contrast MRI rendering it an attractive nanotheranostic for TNBC.

1. Introduction

Among women, breast cancer (BC) is the
most frequently diagnosed cancer world-
wide and every year, it accounts for more
than 400 000 cases of death.! It is
well known that BC is not a homoge-
neous disease, but it consists of differ-
ent subtypes.? Four major intrinsic sub-
types have been identified by genomic stud-
ies: the luminal subtypes A and B, which
express hormone receptor-related genes,
triple-negative /basal-like BC, and human
epidermal growth factor receptor 2 (HER2)-
positive BC.>* Triple-negative breast can-
cer (TNBC) accounts for about 15% of BC
cases and is associated with a poor prog-
nosis as TNBC cells do not express es-
trogen, progesterone, and HER2 receptors
that are usually addressed in targeted BC
therapies.” The heterogeneity of the dis-
ease and lack of receptors has limited the

successful development of receptor-specific
therapeutics and currently, there are no
approved targeted therapies available for
TNBC.II2
Today, only a few systemic drug treatment options exist
for TNBC like taxanes (e.g., paclitaxel), anthracyclines (e.g.,
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doxorubicin [Dox]), and platinum agents (e.g., cisplatin) for ad-
juvant and neoadjuvant therapies.””l However, their high cellular
toxicity affects healthy human cells as well, resulting in severe
and partially dose-limiting adverse effects.”® For example,
anthracyclines like the widely used drug Dox frequently induce
nausea and vomiting, myelosuppression, alopecia, mucositis,
and cardiotoxicity.>®!

Therefore, various nanocarrier-drug complexes have been
reported aiming at the treatment of TNBC.""1®/ Among these,
protein-based therapeutics are a promising class of nanocarri-
ers, which earned great interest as translational drug delivery
platform with increasing numbers of clinical trials in dif-
ferent phases.'™ In particular, the abundant blood plasma
protein human serum albumin (HSA) has been applied as
drug delivery system, and albumin nanoparticles,!'”) albumin-
drug conjugates,’®19 albumin-binding drug derivatives,?%
albumin-coated nanoparticles,"*! and prodrugs®2* have
been developed and advanced into clinical trials. Nanoparti-
cle albumin-bound (Nab) formulations consist of denatured
albumin aggregates that form nanoparticles with sizes of ~100-
200 nm with encapsulated lipophilic drug molecules. Abraxane,
a Nab formulation of paclitaxel, has been approved by the FDA
to treat metastatic BC,””! and other cancers such as non-small-
cell lung cancer,?? and pancreatic cancer.””) Nab formulations
showed enhanced permeability and retention effect (EPR) in
cancer tissue compared to the free drug.”®l Hence, in contrast
to individual HSA proteins, HSA-based denatured nanocarriers
benefit from the EPR effect due to their increased sizes of
100-200 nm.»>-33 Recently, cell- or tissue-targeted therapeutics
have received much attention, and monoclonal antibodies or
recombinant fusion proteins functionalized with drug molecules
(Kadcyla, Ontak) have been approved and marketed.¥ It has
been proposed that albumin nanocarriers accumulate in the
tumor space by both passive and active drug targeting(?*24
through the EPR effect as well as binding to matricellular glyco-
proteins, for example, albondin on the endothelium and SPARC
(osteonectin and BM-40) in the tumor interstitium.?*3

As TNBC appears to have high growth rates often with high
grading, the combination of therapy and imaging in one system
would be highly desirable to study drug tissue enrichment
and follow therapeutic progress. To date, there is no albumin
carrier available that targets TNBC and allows concurrent in vivo
imaging.

In routine clinical diagnostics and screenings, magnetic
resonance imaging (MRI) is the method of choice due to its
noninvasiveness and high spatial resolution for soft tissue. Com-
pared to computed tomography (CT), it is devoid of radiation or
other health risks, and it offers diagnostic accuracy of various
diseases, for example, acute and chronic cerebral hemorrhage,
that is, stroke.?® In breast cancer imaging, MRI plays an es-
sential role with multiple indications and has shown superior
sensitivity compared to other modalities like ultrasound and
mammography.?”38 Therefore, attempts were made to fabricate
albumin nanoparticles for tumor-targeted imaging by MRI,
for example, in combination with the photosensitizer chelator
chlorin e6 that binds MRI-active Mn?*.3133 Recently, albu-
min nanoparticles have been fabricated for MR/fluorescence
imaging and photothermal therapy by attaching gadolinium
(Gd) (I1I) and indocyanine green.*”) Gd-based bioimaging still

Adv. Therap. 2019, 1900084 1900084 (2 of 11)

www.advtherap.com

represents a method of choice as it features high relaxivity,
stability, and safety*” and albumin-based formulations contain-
ing (Gd(III)) were applied for MR tumor imaging in an avian
in vivo model.'2 However, there are still serval challenges
associated with the design of an in vivo theranostic for treating
TNBC. There is the high risk that nanocarriers build up by
noncovalent adsorption of the active compounds (ICG, chlorin
e6, GD-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(Gd-DOTA), and cytotoxic drugs) to HSA show rapid loss of
imaging signals and a high systemic toxicity due to leakage of
active compounds during in vivo circulation. Therefore, TNBC
tissue selective and effective albumin nanocarriers with combin-
ing high cytotoxicity and high-contrast imaging with minimized
leakage of the drugs or imaging agents are still elusive.

Herein, we designed an albumin-based nanocarrier dcHSA-
Gd-Dox, which provides multiple copies of covalently attached
MRI contrast agent Gd(III)-DOTA and the chemotherapeutic
agent Dox that has been linked via a pH-controlled hydrazone
linker to facilitate drug release at the target tissue and minimize
systemic drug leakage. dcHSA-Gd-Dox exhibits TNBC tissue se-
lectivity and low systemic toxicity combined with high antitu-
mor efficacy in a preclinical TNBC in vivo model. High-contrast
bioimaging due to covalent loading of high numbers of MRI con-
trast agents and toxicity due to multiple Dox molecules and their
controlled pH-triggered release in the lysosomal or endosomal
compartments of the tumor cells paves the way to effective TNBC
theranostics with great potential for personalized disease moni-
toring and translational applications.

2. Results and Discussion

2.1. Synthesis and Characterization of dcHSA-Gd-Dox

HSA provides many attractive features as a nanocarrier such
as high numbers of amino groups (—NH, = 60 per HSA)
and carboxylic acid groups (—COOH = 98 per HSA) of the
lysine, glutamic, and aspartic acid side chains that allow the
introduction of various functionalities.' First, the carboxylic
acid side chains were converted into primary amino groups by
reacting HSA with ethylenediamine yielding cationized HSA
(cHSA, Figure 1A, step 1; see details in Figure S7A, Supporting
Information) as reported.*®) The additional positive surface
charge at physiological pH enhances cellular uptake of HSA[!!
and allows further chemical modifications of the amine groups.
Almost all of the carboxylic acid side chains were converted into
primary amino groups as quantified by matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF; Figure S6,
Supporting Information, cHSA) yielding monodisperse cHSA.
In the next step, about 20 PEG chains with molecular weight
of 2000 g mol~! were attached to the cHSA as indicated by
the increase in molecular weight of 40 kDa yielding cHSA-PEG
(Figure 1A, step 2; see for details Figures S7A and S6, Supporting
Information, cHSA-PEG). In order to facilitate sensitive MRI of
the nanocarrier, multiple copies of the complex agent DOTA were
introduced by reacting DOTA-N-hydroxysuccinimide (DOTA-
NHS) with the remaining primary amino groups at the surface
of cHSA-PEG (Figure 1A,B, step 3). The molecular weight in-
creased by 19 kDa indicating the introduction of about 49 DOTA

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Synthesis of dcHSA-Gd-Dox. A) General scheme of dcHSA-Gd-Dox synthesis. dcHSA-Gd-Dox was synthesized starting from native HSA in
seven steps. Amino acids with a carboxylic group as side group and the C-terminus were cationized by addition of ethylenediamine (step 1 “cation-
ization”). Afterward PEG-NHS was added to form cHSA-PEG (step 2 “PEGylation”). To enable MRI, DOTA-NHS reacted with the cHSA-PEG (step 3
“DOTA-NHS,” see details in B top panel) and then, DOTA complexed Gd(lll) (step 4 “GdCl;,” see details in B top panel). After denaturation and reduc-
tion of the disulfide bonds (step 5 “denaturation,” see details in B bottom panel), Dox-maleimide (MI) was conjugated to the free thiols (step 6 “Dox-MI,”
see details in B bottom panel). After changing to a physiological buffer (step 7 “phosphate buffer”), dcHSA-Gd-Dox formed spherical nanocarriers. At
tumor sites, dcHSA-Gd-PEG is digested by enzymes and the acid-responsive linker of the Dox-maleimide is cleaved due to the acidic environment

resulting in release of Dox.'”! B) Detailed scheme of dcHSA-Gd-Dox synthesis, steps 3-6.

units on average (Figure 2E top; Figure S6, Supporting Infor-
mation, cHSA-DOTA). Gadolinium cations were complexed by
about 44 of the attached DOTA groups by addition of GdCl; to
cHSA-DOTA in Milli-Q at 60 °C and overnight stirring forming
cHSA-Gd (Figure 1A,B, step 4 and Figure 2E center; Figure S6,
Supporting Information, cHSA-Gd). cHSA-Gd was separated
from free gadolinium by ultracentrifugation (molecular weight
cut off[MWCO] 30 kDa). Even though the PEG and DOTA groups
were attached in a statistical fashion to cHSA, the synthesis pro-
cedures are robust, allow upscaling, and possess only negligible

Adv. Therap. 2019, 1900084 1900084 (3 of 11)

batch-to-batch variations in the attached functionalities. Further-
more, quality control is feasible by applying mass spectrometry.
As the number of drug molecules is particularly crucial for
dosing, we have attached Dox in a site-specific manner to the
thiols of the cysteine residues at the polypeptide backbone after
denaturation and reduction of cHSA-Gd (Figure 1A,B, steps
5 and 6). HSA provides 17 disulfide groups and 1 unpaired
cysteine. We have reported previously that after denaturation,
about 27-28 cysteines of the total number of 35 cysteines of HSA
are accessible for Michael reactions.'*** About 7-8 cysteines of

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Characterization and magnetic properties of dcHSA-Gd-Dox. A) DLS chromatogram of dcHSA-Gd-Dox in water, DPBS, and PB (50 mwm, pH 7.4).
B) TEM images of dcHSA-Gd-Dox in DPBS revealed spherical structures. Scale bar 200 nm. C) The diameter of 66 spherical structures was determined
and plotted in a histogram. D) Magnetic properties of dcHSA-Gd-Dox. The r, relaxation of dcHSA-Gd-Dox was 13.75 mm~' s~'. E) MALDI-TOF MS
spectra of cHSA-DOTA (MW: 131 kDa), cHSA-Gd (MW: 138 kDa) and the final dcHSA-Gd-Dox (MW: 158 kDa).

the HSA sequence are colocalized (see Figure S7C, Supporting
Information) and due to steric hindrance, no second Michael
addition occurs after the first thiol has reacted.'>* Therefore
the number of drug molecules per modified protein is consistent
and very reproducible with little batch-to-batch variations.

The (6-maleimidocaproyl)hydrazone of Dox, a pH-cleavable
hydrazone linker connecting Dox to maleimide, was synthe-
sized according to the literature.*) cHSA-Gd was denatured in
a 5 M urea buffer and the disulfide bridges were reduced by
TCEP. About 27 available thiol groups of the denatured cHSA-
Gd were reacted with Dox-maleimide according to MALDI-TOF
(Figure 2E bottom; Figure S6, Supporting Information, dcHSA-
Gd-Dox) yielding dcHSA-Gd-Dox in quantitative yield. A pH-
responsive release has many advantages over nanocarriers with
noncovalently adsorbed drug molecules as unwanted leakage of
the drugs during biodistribution in vivo is minimized. We have
demonstrated previously that dcHSA-Dox conjugates connected
via the hydrazone linker revealed a controlled two-step release
of Dox."% The first step has to be triggered by proteases such
as trypsin and cathepsin B, which digest the polypeptide back-
bone of the protein carrier. These proteases are usually located in
the endosome or lysosome and overexpressed in various cancer
types.'%) Only then, release of the Dox is triggered by the acidic
pH value in the endosome or lysosome resulting in the cleavage
of the hydrazone bond.™!

2.2. Size Determination of dcHSA-Gd-Dox

The dimensions of the nanocarriers were determined by dy-
namic light scattering (DLS) and transmission electron mi-
croscopy (TEM). DLS was measured in a 0.5 mg mL™" solution
of dcHSA-Gd-Dox in Milli-Q, Dulbecco’s Phosphate Buffered

Adv. Therap. 2019, 1900084 1900084 (4 of 11)

Saline (DPBS), and phosphate buffer (PB, 50 mm, pH 7.4).
In Milli-Q water, dcHSA-Gd-Dox showed a diameter of about
151.2 = 3.5 nm (n = 3) with a polydispersity index (PDI)
of 0.41 + 0.08. Under more physiological conditions (DPBS),
dcHSA-Gd-Dox formed nanostructures with diameters of about
87.8 + 2.3 nm (n = 3) and a PDI of 0.31 + 0.05. In the pres-
ence of a higher concentrated PB (50 mwm, pH 7.4), nanoob-
jects of about 86.8 + 1.6 nm (n = 3) with a PDI of 0.31 + 0.04
(Figure 2A) were detected. Noteworthy, no smaller or larger par-
ticle populations were detected. TEM images showed spheri-
cal nanostructures of dcHSA-Gd-PEG with a diameter of about
99.2 + 17.7 nm (n = 66, Figure 2B,C). The contrast in TEM
results only from the high load of Dox and gadolinium as
no protein stains were applied. Previously, nanoparticles with
mean diameters of around 100 nm revealed a significant
EPR effect.

2.3. Relaxivity Measurements of dcHSA-Gd-Dox

dcHSA-Gd-Dox showed favorable predispositions for MRI. As
shown in Figure 2D, a linear correlation between the relaxation
rate r; = 1/T1 and dcHSA-Gd-Dox concentration was observed,
yielding a T1 relaxivity of r; = 13.75 mm~! s!. Compared to the
r, relaxivity of clinically used Gd(III) contrast agent Gd-BOPTA
(MultiHance, 4.6 mm~! s71), dcHSA-Gd-Dox (13.75 mm~! s71)
exhibited significantly improved enhancement indicating higher
sensitivity compared to other gadolinium-based macromolecular
contrast agents. The paramagnetic properties were at high lev-
els comparable to published gadolinium-based macromolecular
complexes.*=#8 Overall, the high number of Gd(I1I) per polymer
provided a high relaxation time and therefore a high contrast.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Tumor cell uptake and cytotoxicity of dcHSA-Gd-Dox. MDA-MB-231 breast cancer cells were incubated with dcHSA-Gd-Dox or equimolar Dox,
washed, and the fluorescence of Dox was exploited to visualize dcHSA-Gd-Dox in tumor cells by fluorescence microscopy. A) Representative fluorescent
images of MDA-MB-231 cells incubated with 0.36 ym dcHSA-Gd-Dox or equimolar Dox for 1 h and stained with Hoechst 33342 (from left to right: DIC,
DAPI, Cy3, and merged fluorescent image). Original magnification 200x. B) Cell viability of MDA-MB-231 cells in vitro, incubated with dcHSA-Gd-Dox
or Dox for 24, 48, and 72 h. XTT assay, mean + SEM of n = 3 (each experiment performed in triplicates).

2.4. Uptake and Cytotoxicity of dcHSA-Gd-Dox in Breast Cancer
Cells In Vitro

The fluorescence of Dox was exploited to visualize dcHSA-
Gd-Dox by fluorescence microscopy. Breast cancer cells were
incubated with dcHSA-Gd-Dox or Dox for 1 h and unbound
nanocarriers were removed by washing. Subsequent fluo-
rescence microscopy showed uptake of dcHSA-Gd-Dox into
MDA-MB-231 breast cancer cells (Figure 3A). MDA-MB-231
cells were incubated for 24-72 h and cell viability was analyzed
by monitoring mitochondrial dehydrogenase activity (Figure 3B).
After 72 h, the ICy, of dcHSA-Gd-Dox (77.5 nm) appeared slightly
higher than the IC; of conventional Dox (17.9 nm), but was still
in the nanomolar range (Figure 3B).

2.5. dcHSA-Gd-Dox Accumulates in Tumor Xenografts

The application of dcHSA-Gd-Dox was studied in vivo in tumor
xenografts grown on the chorioallantoic membrane (CAM) of
fertilized chick eggs as a preclinical in vivo model (Figure 4A).
Because of its simplicity and direct accessibility, the CAM is an
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attractive preclinical in vivo model with proven applicability in
tumor-related research to explore, for example, tumor biology,
growth, and angiogenesis.*>>% It enables rapid screening of
substances with reliable assessment of substance activity, dis-
tribution, and toxicity in an in vivo environment®!l and it has
been widely implemented for the evaluation of drug delivery
and kinetics of, for example, drug conjugates,> prodrugs,?’
or nanoparticles.’ We have previously confirmed that data
obtained from the CAM model correlate with in vivo experi-
ments in mice.’>>’] Therefore, the CAM model represents an
intermediate form between isolated cultured cells and animal
experiments in rodents and contributes to animal welfare by
saving mammalian laboratory animals and matches the 3Rs
recommendations.

Previously, MRI and the measurement of tumor growth
in the CAM model has been combined based on our MRI
protocols.585% Compared to the standard gadolinium-based
MRI contrast agent MultiHance, dcHSA-Gd-Dox showed a much
higher signal-to-noise ratio (SNR) in tumor tissue 1-15 h after in-
travenous injection indicating dcHSA-Gd-Dox accumulation in
tumor specimens (Figure 4B,C and Table 1). Only after 35 h,
no contrast enhancement was detectable anymore (Figure 4B,C).
Moreover, we did not observe significant contrast enhancement

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. dcHSA-Gd-Dox accumulation in breast cancer xenografts in vivo. 1 x 108 MDA-MB-231 stably expressing firefly luciferase were grafted onto
the chorioallantoic membrane (CAM) of the chick embryo. Six days later, 50 pL of Dox covalently linked to gadolinium (dcHSA-Gd-Dox) or a commercial
gadolinium-containing MRI contrast agent (MultiHance) were intravenously injected at equimolar concentrations of gadolinium (3.6 pmol kg™, egg
weight 50 g). MRI scans were conducted before and after the injection up to 40 h. A) MDA-MB-231 xenograft on the CAM (first and third pictures from
left), intravenous application of dcHSA-Gd-Dox (second from left) and xenograft after collection (rightmost picture). B) MRI images of representative
breast cancer xenografts before and after intravenous injection of MultiHance (first row) or dcHSA-Gd-Dox (second row) and the same tumors after
histochemical preparation (HE, magnification 50x). C) Mean signal to noise ratio (SNR) in tumor tissue after injection of dcHSA-Gd-Dox or MultiHance,
measured over time. Mean + SD of five tumor-bearing eggs/group; Mann—Whitney rank sum test, **p < 0.001, *p < 0.05. D) Gadolinium in tumor, liver,
and blood plasma 6 h after i.v. injection of dcHSA-Gd-Dox or MultiHance as measured by inductively coupled plasma optical emission spectrometry
(ICP-OES). Data are mean + SEM of 3—4 embryos per group; Mann—-Whitney rank sum test, *p < 0.05.

Table 1. Substance doses used for in vivo diagnostic and therapeutic
applications.

dcHSA-Gd-Dox Gd(I Dox

[umol kg™'] [umol kg™'] [umol kg™']
MRI 0.08 3.60 2.21
Therapy, low dose 0.03 1.22 0.75
Therapy, high dose 0.09 4.1 2.50

in any other organ or embryonic compartment but only in the
tumor xenografts (Figure S8, Supporting Information).

To further analyze dcHSA-Gd-Dox biodistribution, we col-
lected breast cancer xenografts, chick embryo blood, and livers
6 h after injection of dcHSA-Gd-Dox or MultiHance and an-
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alyzed the gadolinium contents in tissues using inductively
coupled plasma optical emission spectrometry (ICP-OES). This
technique is highly sensitive and accurately quantifies single
elements in tissue samples.®® ICP-OES analysis confirmed
the preferable accumulation of dcHSA-Gd-Dox in tumor tissue
(Figure 4D). Furthermore, dcHSA-Gd-Dox was detectable in
chick embryo livers, but liver distribution did not differ sig-
nificantly from the standard gadolinium-based contrast agent
MultiHance (Figure 4D). At that time point, dcHSA-Gd-Dox
was not detectable in embryonic blood samples (Figure 4D).
Thus, both MRI and ICP-OES analyses revealed dcHSA-Gd-Dox
enrichment in breast cancer xenografts. Therefore, dcHSA-Gd-
Dox seems to overcome intrinsic limitations associated with low
relaxivity and unspecific tissue uptake of small molecule Gd(III)
complexes, and proves applicability as an MR contrast agent for
breast cancer xenograft imaging in ovo.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.6. Biocompatibility of dcHSA-Gd-Dox

Embryo survival is highly predictive for compound toxicity
because living organisms in the embryonic stage are highly vul-
nerable to external toxic influences. Three days after intravenous
administration, dcHSA-Gd-Dox was well tolerated by chick
embryos as embryo survival rates did not significantly differ
from embryos injected with physiological sodium chloride
solution; 95% and 77% of embryos injected with dcHSA-Gd-Dox
0.75 and 2.5 pmol kg™, respectively, survived indicating high
biocompatibility of dcHSA-Gd-Dox. In contrast, injections of
equimolar doses of commercial Dox resulted in significantly
reduced survival rates, that is, 66% and 59% after low and high
dosages, respectively (Figure 5A and Table 1). Thus, dcHSA-Gd-
Dox exhibits much lower systemic toxicity than conventional
Dox.

Often, divergent concentrations of nanocarriers are being used
for diagnostic and therapeutic applications because the therapeu-
tic concentration of the nanocarrier is below the imaging thresh-
old, and, on the other hand, the concentration used for imaging is
accompanied by high toxicity. However, we could clearly demon-
strate that dcHSA-Gd-Dox provides low toxicity in embryos at
therapeutic concentrations allowing MRI at a comparable con-
centration (Table 1).

2.7. dcHSA-Gd-Dox Inhibits the Growth of Tumor Xenografts

In addition to its diagnostic applications, we investigated the ther-
apeutic efficacy of dcHSA-Gd-Dox in tumor tissue. The trans-
parency of the CAM facilitates continuous observation of the tu-
mor site and in vivo monitoring after treatment.”! In our studies,
we used luminescence-based tumor monitoring that has previ-
ously been validated.[°%2] Recently, we have shown antitumor ef-
ficacy of multidomain protein complexes by luminescence mon-
itoring of tumor viability in vivo.[*?)

Breast cancer growth was assessed in ovo by measuring
tumor-cell-derived bioluminescence upon topical application of
p-luciferin (Figure 5B). Mean bioluminescence of xenografts
treated with dcHSA-Gd-Dox was significantly reduced compared
to control or Dox-treated samples (Figure 5C and Table 1). These
results were confirmed by subsequent immunohistochemical
analysis of the cell proliferation marker Ki-67 (Figure 5D,F).
This nuclear protein is indicative of mitotic phases of the cell
cycle and peaking in the M phase, whereas it is not detectable
in resting G, cells.’ A cohort study including more than
3500 breast cancer patients identified Ki-67 expression of tu-
mor tissue as a prognostic parameter correlated with lower
disease-free and overall survival.[l In our study, dcHSA-Gd-Dox
significantly reduced the proliferative Ki-67-positive fraction in
breast cancer xenografts compared to the vehicle control group,
whereas conventional Dox had a minor effect on this parameter.
Furthermore, TUNEL staining revealed that dcHSA-Gd-Dox
and conventional Dox induced apoptosis in cancer xenografts
(Figure 5E,F). Thus, in the preclinical CAM in vivo model,
the theranostic dcHSA-Gd-Dox inhibits the growth of breast
cancer xenografts and exerts higher biocompatibility and better
antitumor efficacy than conventional Dox.
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In vivo measurements of tumor bioluminescence and im-
munohistochemical analysis of cell proliferation (Ki-67) and
apoptosis (TUNEL) demonstrated dose-dependent inhibition of
tumor growth by dcHSA-Gd-Dox. The therapeutic efficacy of
dcHSA-Gd-Dox was significantly stronger compared to free Dox
at the same molar concentrations.

3. Conclusion

dcHSA-Gd-Dox nanocarriers were designed based on dena-
tured, cationized, and PEGylated HSA biopolymers and about 44
Gd(II1)-DOTA groups providing MRI with high relaxation time
and imaging contrast. 27 Dox molecules were attached via a pH-
cleavable hydrazone linker that releases Dox in acidic environ-
ments thus yielding nanocarriers with high toxicity (ICs, of about
77.5 nm) in MDA-MB-231 TNBC cells. dcHSA-Gd-Dox signifi-
cantly reduced the proliferative Ki-67-positive fraction in breast
cancer xenografts, whereas conventional Dox only had a minor
effect. Both MRI and ICP-OES analyses revealed dcHSA-Gd-Dox
enrichment in tumor tissue, where it rapidly accumulated and
persisted for at least 15 h. Thus, the accumulation of dcHSA-
Gd-Dox in tumor tissue facilitated higher local concentrations,
which could account for the observed significant antitumor po-
tency, which was even outperforming equimolar dosages of con-
ventional Dox.

The preferential enrichment of dcHSA-Gd-Dox within tumor
xenografts facilitates its simultaneous usage for diagnostic and
therapeutic purposes and implies a lower risk of systemic side ef-
fects. Nanocarriers exhibiting tumor selectivity and low systemic
toxicity combined with high antitumor efficacy are not available
for the treatment of TNBC. We envision that in TNBC patients,
MR imaging after dcHSA-Gd-Dox application could be useful i)
to evaluate if the chemotherapeutics reach the tumor site and
ii) to assess tumor response to therapy over time. Therefore, we
believe that dcHSA-Gd-Dox represents a promising theranostic
awaiting further exploration and translational applications.

4. Experimental Section

Statistical Analysis: SigmaPlot software 12.0 (Systat Software GmbH,
Erkrath, Germany) was used for statistical analysis. 1Cs, values were
calculated by nonlinear regression analysis. Two-group comparisons
were analyzed using Mann-Whitney rank sum test, whereas multi-group
comparisons were performed by Kruskal-Wallis one-way analysis of
variance (ANOVA) with Newman—Keuls post hoc test, alpha = 0.05. For
the analysis of qualitative data (embryo survival rate), Chi-square test
(Fisher's exact test) was performed. p-values were indicated as *p < 0.05,
*%p < 0.01, and ***p < 0.001. Experimental results were usually presented
as means + SEM (standard error of the mean) or SD (standard deviation)
of nindependent experiments or samples (n > 3). n is defined in the main
text for each experiment. Data of cytotoxicity, embryo survival, and tumor
luminescence were normalized to the values under control conditions
upon vehicle treatment as 100%. Further details on data presentation and
sample size of each data set can be found in the respective figure legend.

Reagents and Equipment: Dox hydrochloride from Cayman Chemical
(Ann Arbor, MI) was used for in vitro studies. For in vivo experiments, Dox
hydrochloride from Teva or NeoCorp (both 2 mg mL™") was purchased.
D-Luciferin potassium salt (Biomol, Hamburg, Germany) was dissolved
in phosphate-buffered saline and stored in aliquots at —20 °C. Gadolin-
ium (I11) chloride hexahydrate was purchased from Alfa Aesar, REacton
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Figure 5. dcHSA-Gd-Dox inhibits the growth of breast cancer cells xenografts in vivo. 0.5 x 106 MDA-MB-231 stably expressing firefly luciferase were
grafted onto the chorioallantoic membrane (CAM) of the chick embryo. Three days later, treatment commenced by i.v. injection of 50 pL of either
Dox (Dox, low dose, 0.75 pmol kg™, and high dose, 2.5 pmol kg™") or Dox covalently linked to dcHSA-Gd-Dox (containing the same amount of Dox
molecules as the positive control). Tumor luminescence was analyzed 72 h after i.v. injection, 10 min after addition of p-luciferin (0.75 mg mL™", 10 pL)
with integration time 1's. A) Survival rates of chick embryos 72 h after treatment (16-39 eggs per group). Chi-square test, Fisher’s exact test. B) In
vivo luminescent imaging of breast cancer xenografts before and after the addition of b-luciferin as indicated. C) Representative pictures of luminescent
tumors invivo (left panel) and mean luminescence of MDA-MB-231 cancer xenografts 72 h after treatment (right panel). Mean + SEM of two experiments,
n =6 tumors/group. Newman—Keuls test. Immunohistochemical analysis of breast cancer xenografts. Three days after treatment, tumor xenografts were
collected, paraffin embedded, and stained to analyze the number of proliferating and apoptotic MDA-MB-231 breast cancer cells. D) Percentage of Ki-
67" proliferating breast cancer cells. E) Percentage of apoptotic TUNEL™ cells in tumor xenografts. In every tumor, 205-619 cells were analyzed. Data
are mean + SEM of 3—4 tumors per group, Newman—Keuls test. F) Representative pictures of tumor sections after immunohistochemical staining.
Upper row: HE, hematoxylin and eosin, original magnification 25x%, center row: Ki-67 antigen, red-brown nuclei are indicative of proliferating cells,
original magnification 200x; lower row: TUNEL staining (brown) to detect cells with fragmented DNA as apoptosis marker, original magnification 400x.
#ssp < 0,001, #p < 0.01, *p < 0.05, #p < 0.05.
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(99.9% purity). HSA was bought from Sigma-Aldrich. PEG-2000-NHS was
purchased from Rapp Polymere and Vivaspin20 from Sartorius.

Absorbance, fluorescence, and luminescence were measured in vitro
using an Infinite M1000 PRO plate reader (Tecan Group, Maennedorf,
Switzerland), whereas an IVIS in vivo imaging system (PerkinElmer,
Waltham, MA) was used for bioluminescence analysis of breast cancer
xenografts in vivo. ICP-OES was performed by using an Ultima 2 (Horiba,
Kyoto, Japan). For MRI and ICP-OES measurements, conventional MRI
gadolinium contrast agent Gd-BOPTA (MultiHance, Bracco Imaging,
Konstanz, Germany) served as a control. MALDI-TOF was performed on
a Bruker Daltonics Reflex |11 spectrometer. Saturated solution of sinapinic
acid dissolved in a 1:1 water:acetonitrile with 0.1% trifluoroacetic acid
was used as the matrix solution.

Cell Lines: MDA-MB-231 breast adenocarcinoma cells (ACC 732) were
obtained from the Leibnitz Institute, German Collection of Microorgan-
isms and Cell Cultures (DSMZ, Braunschweig, Germany).

MDA-MB-231/luc cells stably transfected with firefly luciferase (AKR-
231-GVO-CB) were purchased from Cell Biolabs (BioCat, Heidelberg,
Germany).

MDA-MB-231 cells were cultured in DMEM medium (high glucose)
supplemented with 2 mm glutamine, 0.1 mm MEM nonessential amino
acids (NEAA), 10% heat-inactivated fetal calf serum, and 1% peni-
cillin/streptomycin with regular passaging 2-3 times per week.

Synthesis and Characterization of dcHSA-Gd-Dox: The synthesis of
2,2',2"-(10-(2-((2,5-dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7,10-tetra-
aza-cyclo-dodecane-1,4,7-triyl)-triacetic acid (DOTA-NHS) was done
according to the literature with slight changes.®®l The synthesis is
reported in the Supporting Information and all intermediates and prod-
ucts of the DOTA-NHS synthesis were characterized by 'H-, ¥C-NMR
and/or liquid chromatography-mass spectrometry (LC-MS, Figures S1-5,
Supporting Information). (6-Maleimidocaproyl)hydrazine of doxorubicin
(Dox-MI) was synthesized as reported before. ]

cHSA and PEGylated cHSA (cHSA-PEG) were synthesized as
reported.[*>%7 Briefly, HSA was cationized yielding polycationic HSA
(cHSA) by reacting ethylenediamine hydrochloride (2.5 m, pH 4.75) with
2000 equiv. of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide for 75 min.
The crude product was purified using Vivaspin 20 ultracentrifugation
tubes (30 kDa MWCO) and subsequently reacted with methoxy-PEG2000-
NHS (28 equiv.) in degassed phosphate buffer (PB, 50 mm, pH 8.0) to
obtain cHSA-PEG containing around 20 PEG units. Again, the product
was purified by Vivaspin 20 ultracentrifugation tubes (30 kDa MWCO).
Both compounds were characterized by MALDI-TOF mass spectroscopy
(cHSA, 72 kDa; cHSA-PEG, 112 kDa; Figure S6, Supporting Information).

Synthesis of cHSA-DOTA: cHSA-PEG (97 mg, 0.84 pmol) was dissolved
in 60 mL PB (50 mm, pH 8.0). After 20 min, DOTA-NHS (501 g mol~",
340 mg) dissolved in 4 mL dimethyl sulfoxide was added and the mixture
was stirred at room temperature overnight. The crude product was
purified by Vivaspin 20 ultracentrifugation tubes (30 kDa MWCO, 1 xX
PB, 3 x Milli-Q) and lyophilized to yield cHSA-DOTA (131 kDa, Figure 2E;
Figure S6, Supporting Information) with 49 DOTA groups attached on
average.

Synthesis of cHSA-Gd: cHSA-DOTA (110 mg, 0.84 pmol) was dissolved
in Milli-Q water and after 20 min, gadolinium (Ill) chloride hexahydrate
(2 g, 5.3 mmol) was added, and the mixture was stirred for two nights at
60 °C. Afterward, the mixture was purified by Vivaspin 20 ultracentrifuga-
tion tubes (30 kDa MWCO, 1x PB, 3 x Milli-Q) to yield cHSA-Gd (138 kDa,
Figure 2E; Figure S6, Supporting Information) with 44 Gd-DOTA groups
attached on average.

Synthesis of dcHSA-Gd-Dox: cHSA-Gd (110 mg, 0.8 pmol) was dis-
solved in 80 mL degassed PB (50 mm, pH 7.4, 5 m urea, 2 mwm ethylene-
diaminetetraacetic acid [EDTA]) under argon atmosphere. After 20 min,
tris (2-carboxyethyl) phosphine (TCEP, 21 pmol) was added and the mixture
was stirred for another 20 min. Finally, Dox-maleimide (107 mg, 143 pmol)
was added and the mixture was stirred at room temperature under ar-
gon atmosphere overnight. Unreacted Dox-maleimide was removed by Vi-
vaspin 20 ultracentrifugation tubes (30 kDa MWCO, 5 x PB [50 mm, pH
7.4,5 M urea, 2 mm EDTA)], 10 x Milli-Q) and the product was lyophilized
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yielding dcHSA-Gd-Dox (158 kDa, Figure 2E; Figure S6, Supporting Infor-
mation).

Dynamic Light Scattering: 200 pL of a 0.5 mg mL™' dcHSA-Gd-PEG so-
lution in Milli-Q, DPBS or PB (50 mm, pH 7.4), were transferred into a
borosilicate glass cuvette. The sample was measured at 20 °C with a 90°
angle using a Malvern Zetasizer Nano-S90 (Nano series) and the distribu-
tion of the hydrodynamic diameter was presented as intensity.

Transmission Electron Microscopy: One drop of a 0.1 mg mL~" solution
of dcHSA-Gd-Dox in DPBS was placed onto an oxygen-treated copper grid.
A Jeol 1400 TEM was used to obtain bright field images. The diameter of
66 spherical structures in TEM images were determined by Image) and
plotted as a histogram.

Cell Viability Analysis and Fluorescent Microscopy In Vitro: For in vitro
studies of dcHSA-Gd-Dox cytotoxicity, MDA-MB-231 were seeded in
96-well plates the day before the experiment (5000 cells per well). After
24 h, medium was replaced by medium containing dcHSA-Gd-Dox or
Dox at equimolar concentrations. After the indicated incubation time,
XTT tetrazolium salt was added to the wells. In viable cells, mitochondrial
dehydrogenases reduce XTT to formazan and the colorimetric measure-
ment of formazan dye yields the relative amount of viable cells compared
to control cells treated with vehicle only. The XTT cell proliferation assay
kit was purchased from Roche Diagnostics (Filderstadt, Germany).

In addition, cells seeded in ibidi slides were incubated with dcHSA-
Gd-Dox for 1 h at 37 °C, stained with Hoechst 33342 (Molecular Probes,
1 pg mL™") and analyzed by fluorescent microscopy using a Ti-E inverse
fluorescence microscope (Nikon, Diisseldorf, Germany) with 20x objec-
tive and a filter set with broad 75-nm emission passband (573—-648 nm).

Analysis of Anticancer Activity in an Avian Breast Cancer Xenograft Model
In Vivo: All experiments were conducted in compliance with the Euro-
pean directive for “Protection of Animals Used for Experimental and Scien-
tific Purposes” and the respective German juridical implementation. For
in vivo experiments, fertilized eggs from Gallus domesticus were bought
from a hatchery (LSL Rhein-Main Gefliigelvermehrungsbetriebe GmbH &
Co.KG, Dieburg, Germany), cleaned, and incubated at 37 °C. Four days af-
ter fertilization, a circular part of the egg shell was carefully removed to un-
cover the subjacent CAM. The area was covered with tape to avoid evapora-
tion. Three days later, a silicone ring (interior diameter 5 mm) was placed
onto the CAM and MDA-MB-231 cells stably expressing firefly luciferase
were resuspended in matrigel/medium (1:1) and xenotransplanted inside
the ring onto the CAM (0.5 x 10° cells in 20 pL per egg). Matrigel was
purchased from BD Biosciences (Heidelberg, Germany). In our studies,
avian embryos were sacrificed no later than 8days before hatching.

Three days after cancer cell xenotransplantation, 50 pL of either Dox
(low dose, 0.75 pmol kg~', or high dose, 2.5 pmol kg™") or Dox cova-
lently linked to dcHSA-Gd-Dox (low dose, 0.03 pmol kg™! or high dose,
0.09 pmol kg™" containing the same amount of Dox molecules as the pos-
itive control, see Table 1) were intravenously injected. Compounds were
dissolved in 0.9% NaCl solution for infusion.

To measure tumor growth, tumor luminescence was analyzed 72 h after
intravenous injection of dcHSA-Gd-Dox and 10 min after addition of b-
luciferin (0.75 mg mL™", 10 pL) with an integration time of 1's, using an
IVIS in vivo imaging system. Afterward, tumor xenografts were extracted
from the CAM, fixed, and embedded in paraffin, and cutinto 5 pm sections
for immunobhistological analysis.

Antibody against the human proliferation antigen Ki-67 was used to
analyze the proportion of proliferating cells within cancer xenografts
(Dako Cytomation, Glostrup, Denmark). To detect apoptotic tumor cells,
the TUNEL method to visualize DNA strand breaks by the terminal de-
oxynucleotidyl transferase (Tdt)-mediated dUTP biotin nick-end labeling
was applied.

MR Imaging and Contrast Analysis: The longitudinal relaxivity r; was
derived from quantification of the resulting T1 relaxation constants as
a function of Gd(lll) concentration. A dilution series of dcHSA-Gd-Dox
and Gd-BOPTA (MultiHance) resulting in Gd(lll) concentrations from
15to 760 pm (dcHSA-Gd-Dox) and 1 pum to T mm (MultiHance) diluted in
0.9% NaCl aqueous solution was measured at room temperature at 11.7
Tesla field strength. T1 values were derived by fitting a monoexponential
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decay curve to multi-repetition time data (TR = 300, 800, 1500, 5000,
7500, 10 000 ms).

MR imaging and intravenous injection of compounds was performed
as previously described.*l In short, MRI in vivo was performed on a
small-animal MRI device (11.7 Tesla Bruker Biospec 117/16, Bruker
Biospin, Ettlingen, Germany). A 72 mm quadrature volume T/R resonator
was used for signal reception. A T,-weighted 3D FLASH (3D-T; FLASH)
sequence was used for assessment of the contrast agent distribution
(acquisition parameters: TR/TE = 6/2ms, matrix = 400 X 439 x 96,
spatial resolution = 100 x 100 x 560 ym> and NSA = 2). Additionally,
anatomic images were acquired applying a multi-slice RARE sequence
(acquisition parameters: TR/TE = 4320/45ms, matrix size = 650 X
650, in-plane resolution = 77 x 91pum?, slice thickness = 0.5 mm, no
inter-slice gap, RARE factor = 8, and NSA = 4). During scanning, the
eggs were reproducibly positioned in a polystyrene holder after cooling
at 4 °C for 110 min to avoid motion artifacts. For acquisition and visu-
alization, ParaVision 6.01 software (Bruker Biospin, Ettlingen, Germany)
was used. MRI scans were conducted before and after the injection of
50 pL of dcHSA-Gd-Dox or a commercial gadolinium-containing MRI
contrast agent (MultiHance) at equimolar concentrations of gadolinium
(3.6 umol kg™, respective egg weight 50 g). Consecutive MRI scans were
performed starting 30 min after injection and continued for up to 40 h.
To analyze SNR, regions of interest (ROls) were manually selected at the
same position at different time points. The value was corrected for the
SNR of the background using the formula: SNR = (Sgo; — Sgg) /¢ With
Srol and Sgg being the mean value over the ROl and background and
Sgg the standard deviation of the background.

Inductively Coupled Plasma Optical Emission Spectrometry Measurement
of Gadolinium: To follow dcHSA-Gd-Dox distribution, embryos were sac-
rificed 6 h after intravenous injection, breast cancer xenografts and chick
embryo organs (blood, liver) were collected, weighed, and the content
of gadolinium was analyzed by ICP-OES. To facilitate elemental analytics
of gadolinium, tissue was digested in aqua regia (nitrohydrochloric acid)
by a microwave-assisted procedure (Microwave 3000, Anton Paar, Graz,
Austria).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supporting Information
High-Contrast Magnetic Resonance Imaging and Efficient Delivery of an Albumin
Nanotheranostic in Triple-Negative Breast Cancer Xenografts

Susanne Hafner, Marco Raabe, Yuzhou Wu, Tao Wang, Zhi Zuo, Volker Rasche, Tatiana
Syrovets, Tanja Weil*, and Thomas Simmet*

Material

All chemical compounds and solvents were purchased from commercial sources.

NMR spectra were measured on a Bruker 400 MHz NMR spectrometer and the chemical shifts
were referenced to residual solvent shifts in the respective deuterated solvents. LC-MS analysis
was performed on a Shimadzu LC-MS 2020 equipped with an electrospray ionization source
and a SPD-20A UV/Vis detector (Shimadzu, Duisburg, Germany). Samples (40 pl) were
injected onto a Luna C-18 reverse phase column (50 x 4.6 mm, 5 pm, Phenomenex, CA,
Torrance). The column temperature was set at 40 °C. The mobile phase consisted of 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The gradient was linearly
increased from 5% to 95% A over 20 min, held at 95% for an additional 8 min, and then
immediately stepped back down to 5% for re-equilibration. The mobile phase flow rate was

0.4 mL min™.
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O
/N Br
i, Y
—_—
NH HN NaHCO,, ACN
S

(1)

——
Pd/C, MeOH
7h,r1t,80%

—
TFA, DCM
S5h,rt

o/n, 87 °C, 58% >_/
%O

_\_

(2)

%O“L

>,

A(OJ{J/ HN}OH

N
\ﬂN

OE)M)
X

NaHCO;, ACN
o/n, 100 °C, 77%

NHS, EDC.HCI, DMAP
o/n, rt,52 %

HO{

-

o

%L\}o
J/ j (6)

N

oy

OH

\

)

Figure S1. Overview of the synthesis route of 2,2',2"-(10-(2-((2,5-dioxopyrrolidin-1-yl)oxy)-

2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid.

Tri-tert-butyl 2,2%,2"-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (2)

Cyclen (1, 750 mg, 4.35 mmol) and NaHCO3 (1200 mg, 13.9 mmol) were dissolved in 540 mL

anhydrous acetonitrile (ACN). Tert-butyl 2-bromoacetate (2710 mg, 13.9 mmol) in 180 mL



anhydrous ACN was added dropwise over 30 min at room temperature (rt). The reaction
mixture was refluxed at 87 °C overnight (o/n). The reaction was carried out under argon.

The solvent was filtered to remove undissolved NaHCO3 and afterwards removed under high
vacuum. The crude product was purified by silica gel column chromatography (CHCIz 97%,
methanol (MeOH) 3%). The solvent was removed to give a colorless oil (1290 mg, 2.5 mmol,

58%).

IH-NMR (400 MHz, methanol-d4 (MeOD)) o [ppm] 3.43 (s, 4 H), 3.37 (s, 2 H), 3.16 — 3.13
(m, 4 H), 3.01 — 2.98 (m, 2 H), 2.82 — 2.79 (m, 2 H), 2.72 — 2.70 (m, 2 H), 1.48 (s, 27 H).
13C-NMR (100 MHz, MeOD) 6 [ppm] 172.52, 172.34, 82.71, 82.49, 79.51, 57.62, 55.21, 54.69,
51.73, 50.43, 47.05, 28.43.

LC-MS: m/z 515 [M*] (calc. 514.17 g mol™?)
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Figure S2. LC-MS spectrum of tri-tert-butyl 2,2',2"-(1,4,7,10-tetraazacyclododecane-1,4,7-
triyl)triacetate. The mass chromatogram is given due to too weak signal in the UV

chromatogram.



Tri-tert-butyl 2,2',2""-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-

Yo

@)

1,4,7-triyl)triacetate (3)

)
<
=
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L

oo 9
s}
Tri-tert-butyl  2,2',2"-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (2, 1264 mg,
2.5 mmol) and NaHCO3 (840 mg, 10 mg) were dissolved in 25 mL anhydrous ACN. Benzyl
bromoacetate (859 mg, 3.75 mmol) was added and the mixture was refluxed at 100 °C o/n. The
reaction was carried out under argon. The reaction mixture was cooled and filtered, before

purification by silica gel column chromatography (CHCIz 92%, MeOH 8%). The solvent was

removed to give a yellow oil (1279.3 mg, 1.93 mmol, 77%).

IH-NMR (400 MHz, MeOD) & [ppm] 7.41 - 7.33 (m, 5 H), 5.21 (s, 2 H), 3.65 — 2.14 (m, 24 H)
153 (s, 27 H).

13C-NMR (100 MHz, MeOD) o [ppm] 175.22, 174.63, 174.53, 137.03, 129.64, 129.52, 129.48,
82.97, 82.93, 79.53, 67.88, 56.67, 56.59, 55.97, 28.38.

LC-MS: m/z 663 [M] (calc. 662.87 g mol™?)
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Figure S3. LC-MS spectrum of tri-tert-butyl 2,2',2"-(10-(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyDtriacetate. Top UV chromatogram (254 nm) and bottom mass

chromatogram.



2-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetic acid

>

T e
NRNJ
e
>

3 mL MeOH was added very gently to 10 mg palladium on carbon. Tri-tert-butyl 2,2',2"-(10-

(4)

(2-(benzyloxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (3, 196 mg,
0.29 mmol) in 7 mL MeOH was added and the solvent degassed using freeze-pump-thaw cycles
(3x). Hydrogen was added. The mixture was shaken for 7 h using an ultrasonic bath. Afterwards,
the mixture was filtered and the solvent removed under vacuum to give a colorless oil (133 mg,

0.23 mmol, 80%).

LC-MS: m/z 573 [M*] (calc. 572.74 g mol™?)
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Figure S4. LC-MS spectrum of 2-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetra-
azacyclododecan-1-yl)acetic acid. The mass chromatogram is given due to too weak signal in

the UV chromatogram.

Tri-tert-butyl 2,2°,2"'-(10-(2-((2,5-dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7,10-tetraaza-

cyclododecane-1,4,7-triyl)triacetate (5)

p
ST
N

N
oY
>r°
2-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetic acid (4,
213.1 mg, 0.73 mmol), N-hydroxysuccinimide (47.19 mg, 0.41 mmol), 1-ethyl-3-(3-dimethyl-

aminopropyl)carbodiimid hydrochloride (84.35mg, 0.44 mmol) and 4-dimethylamino-

pyridine (5.37 mg, 0.044 mmol) were dissolved in 15 mL anhyd. dichloromethane (DCM) and



stirred overnight at room temperature. The solvent was removed and the crude product purified
by silica gel column chromatography (CHCIz 90%, MeOH 10%). After removing the solvent,

a colorless oil (130 mg, 0.19 mmol, 52%) remained.

LC-MS: m/z 670 [M+] (calc. 669.82 g mol™), but also methyl ester

Afterwards, tri-tert-butyl 2,2',2"-(10-(2-((2,5-dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate (5, 130 mg, 0.19 mmol) in 6 mL dimethyl
sulfoxide (DMSO) was deprotected by adding 12 mL trifluoroacetic acid (TFA) and the mixture
was stirred for 4 h. The deprotected product (6) was dissolved in DMSO after removing TFA

under high vacuum.
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Figure S5. LC-MS spectrum of tri-tert-butyl 2,2',2"-(10-(2-((2,5-dioxopyrrolidin-1-yl)oxy)-2-
oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate. The mass chromatogram is

given due to too weak signal in the UV chromatogram.
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of two neighboring cysteine residues. Due to steric hindrance, DOX is most likely only attached
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Figure S8. MRI of the chick egg after intravenous injection of dcHSA-Gd-Dox. MRI scans
were conducted before and after the injection of dcHSA-Gd-Dox (3.6 pmol kg™, egg weight

50 g) to monitor for contrast enhancement in particular embryonic compartments.
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Abstract:

Fluorescent nanodiamonds (fNDs) are unique carbon-based nanomaterials due to
their outstanding optical and magnetic properties. However, realization of the full
potential of fNDs is often limited by their processability because fNDs aggregate strongly
in both organic and aqueous solutions. Therefore, robust and potentially universal
coating strategies are urgently needed to address these limitations. Derived from mussel
foot proteins, the polymerization of L-3,4-dihydroxyphenylalanine (L-DOPA) provides
important surface functional groups including amines, carboxylic acid, alcohols, and
conjugated Michael acceptors. Herein, L-DOPA is polymerized on fNDs with a high
control over the shell thickness. Photoluminescence and optically detected magnetic
resonance studies reveal that the unique photophysical properties of fNDs are
preserved after thin poly(L-DOPA) film coating. Subsequently, conjugation of transferrin,
a heme protein that provides efficient receptor-specific cellular transport, improves the
colloidal stability and cellular uptake of the poly(L-DOPA)-coated fNDs. The loading of
FDA-approved indocyanine green as a photothermal agent yields an integrated
biohybrid material exhibiting an amplified photothermal effect in cells at very low
energy intake (90 mW cm™).
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1. Introduction

Fluorescent nanodiamonds (fNDs) are unique carbon-based nanomaterials

due to their outstanding optical and magnetic properties. However, realization
of the full potential of fNDs is often limited by their processability because
fNDs aggregate strongly in both organic and aqueous solutions. Therefore,
robust and potentially universal coating strategies are urgently needed to
address these limitations. Derived from mussel foot proteins, the
polymerization of L-3,4-dihydroxyphenylalanine (L.-DOPA) provides important
surface functional groups including amines, carboxylic acid, alcohols, and
conjugated Michael acceptors. Herein, L-DOPA is polymerized on fNDs with a
high control over the shell thickness. Photoluminescence and optically
detected magnetic resonance studies reveal that the unique photophysical
properties of fNDs are preserved after thin poly(L-DOPA) film coating.
Subsequently, conjugation of transferrin, a heme protein that provides
efficient receptor-specific cellular transport, improves the colloidal stability
and cellular uptake of the poly(L-DOPA)-coated fNDs. The loading of
FDA-approved indocyanine green as a photothermal agent yields an
integrated biohybrid material exhibiting an amplified photothermal effect in

cells at very low energy intake (~90 mW cm~2).
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Among carbon-based materials, fluores-
cent nanodiamonds (fNDs) are unique as
they do not only possess excellent pho-
toluminescence properties, but they are
also very precise local sensors of mag-
netic and electric fields, temperature, or
mechanical forces.' These characteris-
tics are predominantly derived from the
defect centers in nanodiamonds (NDs)
where impurity atoms such as nitrogen,!
silicon,*! and germanium(® are localized
alongside lattice vacancies. Consequently,
the type of such crystallographic defects
defines its unique optical spectrum as
well as spin properties. Hence, the opti-
cal behavior of fNDs is independent of its
size, in contrast to other classes of nano-
emitters such as quantum/carbon dots
and gold nanoparticles.”! The best studied
color center is the nitrogen-vacancy (NV)
center.23#1l The remarkable properties of
this atom-like defect in the diamond lattice
allow application for high-resolution magnetic (bio)sensing,!'?
energy transfer,® bioimaging,'?l and even quantum computing
technologies.' Due to this, in the present work, nanodiamonds
with NV centers were selected as base material for designing a
potent theranostic system.

In order to achieve these aims, the processability of NDs is a re-
curring challenge. The colloidal stability of NDs in solution, both
organic and aqueous, is extremely poor and is further aggravated
with the reduction in the size of the diamond particle.”*! Hence,
the capability to chemically introduce novel functions tends to
be severely hampered by the aggregation of the NDs. To alleviate
this primary issue, nanodiamond coating technologies have been
developed using adsorption mechanisms deriving from weak at-
tractive forces (electrostatic, van der Waals, hydrogen bonding)
and/or strong covalent interactions.[®1%17] However, these coat-
ing technologies have persistent difficulties due to batch to batch
production variability impacting the surface composition of NDs.
In addition, it is crucial to understand that the coating mate-
rial has to fulfill many important criteria, including 1) chemical
multifunctionality, 2) reproducibility of the coating strategy on
NDs from different sources and sizes, 3) colloidal stability of the
fND conjugate in biological media and inside cells, and 4) min-
imally affecting the photoluminescence and magnetic sensing
capabilities.

© 2019 The Authors.
Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Schematic illustration of fND nanosystem preparation.

While it is synthetically challenging for a coating methodol-
ogy that performs consistently well regardless of surface prop-
erties, nature has aptly demonstrated otherwise. Derived from
mussel foot proteins, the polymerization of catechol pendant
groups is the key for the attachment of mussel bivalves onto vir-
tually any surface. Messersmith et al. first showed that polymers
of catecholamines, in particular dopamine, can replicate the
adhesiveness of the mussel foot.'¥! The significance of poly-
dopamine was quickly realized resting on its capability to adapt
to various surface functions. This behavior was also observed
for other catecholamines, such as 1-3,4-dihydroxyphenylalanine
(1-DOPA)*-221 and norepinephrine.?**1 Chemically, polycate-
cholamine films possess important functional groups including
amines, alcohols, and conjugated Michael acceptors leading to
a massive variety of post-functionalized surfaces.'326?7] In this
context, polydopamine has been demonstrated recently as a proof
of concept to functionalize NDs.*®2l Polydopamine-ND systems
represent an attractive platform. However, post-functionalization
with, for example, polyethylene glycol has been crucial due to the
high adhesiveness of polydopamine that potentially contributes
to the aggregation of the coated nanodiamonds, especially under
physiological buffer conditions.% In comparison, .-DOPA con-
tains an additional carboxylic group giving poly(1-DOPA) coat-
ings a higher hydrophilicity compared to polydopamine.['81°

Herein, we show that poly(t-DOPA) does not only act as a po-
lar and versatile bridging entity to conjugate multiple functional
entities onto fNDs but also enhances its photothermal capability
to develop a complex fND therapeutic platform (Figure 1). Fur-
thermore, we establish the strategy of polymerization of 1-DOPA
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on fNDs from different sources (FND Biotech, Microdiamant)
by monitoring the kinetics of polymerization, the control over
thickness and colloidal stability under physiological conditions.
The effect of the poly(1-DOPA) coating on the photolumines-
cence and optically detected magnetic resonance were studied,
and these unique photophysical properties were preserved for
fNDs with thin surface coating. Subsequently, the coated fNDs
were further decorated by transferrin, a heme cell membrane pro-
tein involved in receptor-specific cellular uptake that stabilizes
the biohybrid in cellular media and the FDA-approved indocya-
nine green (ICG) as a photothermal agent. By localizing a high
concentration of ICG in cellular vesicle nanoenvironments, we
envision that the integrated material will provide high photother-
mal toxicity even at very low energy intake.

2. Results and Discussion

2.1. Preparation and Characterization of L-DOPA-Coated
Nanodiamonds

Nanodiamonds with 35 nm average diameter were purchased
from FND Biotech (Taiwan) and used without further sur-
face treatment. Sodium periodate initiated polymerization of
dopamine, and 1-DOPA in pure MilliQ water was used to avoid
buffer salts, which are known to destabilize colloidal NDs.[*!
In addition, this method provides faster deposition times than
polymerization in alkaline buffers®-*% further reducing ND ag-
gregation. In contrast to the well-established dopamine surface

© 2019 The Authors.
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Figure 2. a) Transmission electron microscope images of DOPA-fND prepared with different concentrations of L-DOPA. Data presented as mean +
SEM, n = 44.b) Poly(L.-DOPA) shell thickness increases linearly with L-DOPA concentration (n = 44). c) UV-vis absorption spectra of aqueous solutions
of DOPA-fND (100 pg mL") showing broadband absorbance into the NIR. d) Dynamic light scattering data. Hydrodynamic diameter of DOPA-fND

increases with increasing L-DOPA concentrations.

polymerization, 1-DOPA provides an additional carboxylic group
and poly(1-DOPA) coatings exhibit higher hydrophilicity than
polydopamine.?*2! We anticipate that poly(.-DOPA) would show
a greater potential in enhancing the aqueous stability of {NDs. In
our experimental setup, 100 pug fNDs were dispersed in MilliQ
water under sonication. To this solution was added a volume of
freshly prepared 1-DOPA or dopamine (2.5 mg mL™!) solution
in MilliQ to bring the final catecholamine concentration to 1-
10 mm. This mixture was heated to 55 °C and sonicated for 5
min to ensure thorough mixing. Finally, an appropriate volume
of freshly prepared sodium periodate solution (10.84 mg mL™!)
was added to give 0.5 molar equivalents (sodium periodate to cat-
echolamine) and bring the final volume to 1 mL. The solution was
sonicated for further 5 min at 55 °C. The reaction was continued
on a shaker at 500 rpm for additional 15 min. The coated {NDs
were purified by five centrifugation and washing cycles through
an ultrafiltration tube (100 kDa). UV-vis spectroscopy showed
that unreacted monomer and excess oxidation products were re-
moved after three cycles (Figure Sle, Supporting Information).
While f{NDs coated in the 1-DOPA were colloidally stable, fNDs
coated with polydopamine exhibited a high degree of aggrega-
tion, lower polymerization efficiency, and poorer aqueous stabil-
ity (Figures S1 and S12, Supporting Information). The applica-
bility of the 1-DOPA coating methodology was evaluated under
transmission electron microscopy with three different batches
and two different sources of fNDs (FND Biotech, Microdiamant)
yielding the DOPA-fNDs (Figure 2a and Figure S2, Supporting
Information). The poly(1-DOPA) coating can be clearly seen on
each fND, which are well dispersed across the TEM grid with
small aggregates attributed to drying effects (Figure 2a,b and
Figure S2, Supporting Information). The poly(1--DOPA) coating
was further confirmed by dynamic light scattering (DLS; Figure
S12, Supporting Information), X-ray photoelectron spectroscopy
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(XPS), and Raman and Fourier transform Infrared (FT-IR) spec-
troscopies demonstrating a positive outlook toward its applica-
bility across different ND sources (Figure 2d and Figures S3—
S5, Supporting Information). In addition, the polymerization
method allows controlling the thickness of poly(z-DOPA) by sim-
ply varying the concentration of the monomer. Between 1-10 mm
of 1-DOPA, the thickness varies linearly from 3-15 nm, sug-
gesting that the synthesis is robust and predictable. The afore-
mentioned thicknesses were simultaneously characterized by the
absorbance of poly(--DOPA), DLS, and TEM (Figure 2).
DOPA;,,,-fND with 15 nm shell thickness was obtained using
10 mm 1-DOPA, and XPS was used to elucidate molecular infor-
mation and ascertain the bonds formed during polymerization.
Against pure fND, 1-DOPA, and poly(t-DOPA) as controls, the
characteristic signals from the C—N—C, C=N—C bonds clearly
demonstrate the cyclization of 1-DOPA as an intermediate into its
polymeric form (Figure S3, Supporting Information). Moreover,
the relative photoelectron count of the C-O, C=0, C—C;, and
C—C,, signals indicate contributions from both the fND surface
as well as from poly(t-DOPA). As the polymerization of 1-DOPA
proceeds via a radical mechanism, 2634 it is essential to character-
ize the influence of the coating toward the magnetic properties
of the fND.

2.2. Physical Properties of L-DOPA Coated Nanodiamonds

In this respect, the effect of poly(t-DOPA) with two different
thicknesses (3 and 15 nm) to the NV’s properties in {NDs was in-
vestigated. Spectra measurements were performed on a custom-
built confocal microscope with the excitation laser light at 515
and 532 nm. The spectra of coated {NDs reveal that the poly(t-
DOPA) layer adds a unique background signal (Figure 3a). The

© 2019 The Authors.
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Figure 3. a) Normalized emission spectra (ex. 532 nm) for fND and DOPA;s,,,-fND. NV® and NV~ zero phonon lines are visible in both spectra.
Fluorescence of poly(L-DOPA) coating evident between 570 and 700 nm. b) Nanodiamonds with PDA layer (15 nm) demonstrate stable ODMR lines;
however, the presence of PDA layer decrease the contrast of ODMR. It can be related to background fluorescence from PDA. c) The fluorescence of
DOPA-fND increases with time of laser illumination. Fluorescence increase is stable in time. d) Temperature increase of aqueous solutions of various
concentrations of DOPA-fND (100 pg mL™" fND) after near-infrared (NIR) irradiation (810 nm lamp; 1W cm2).

intensity of the background signal depends on the thickness of
the layer but the zero phonon lines of NV~ and NV centers
are well visible in each sample. A decrease in the initial fluo-
rescence intensity proportional to the coating thickness was ob-
served for DOPA-fND (Figure S6, Supporting Information) at-
tributed to the broadband absorbance of polycatecholamines. Un-
expectedly, independent of the wavelength of the laser light, the
detected fluorescence increased over 60% from the initial excita-
tion and reached saturation level within a few minutes (Figure 3c)
as measured for 20 DOPA/s, -fND. The high level of fluores-
cence is stable in time after cessation of laser excitation and re-
mains so even after 4 h in darkness (Figures S7 and S8, Support-
ing Information), which enables more advanced imaging with
tracking of nanodiamonds without double counting of the same
particle.

To study the charge properties of NV centers in f{NDs, opti-
cally detected magnetic resonance (ODMR) was observed. Re-
solved ODMR lines (Figure 3b) prove the presence of NV~ cen-
ters in NDs after poly(t-DOPA) coating, indicating its suitability
for sensing applications. The decrease of ODMR contrast is at-
tributed to background light from the poly(1-DOPA) layer. How-
ever, deeper investigations of the spin properties of NV center in
poly(1-DOPA)-coated NDs are currently ongoing.

Ady. Therap. 2019, 1900067
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Due to the presence of oligomeric and polymeric components
of various order within the structure, polycatecholamines are
good energy absorbers from UV to NIR.2635-37] Furthermore,
absorbed light is converted to heat with high efficiency allow-
ing their application as photothermal agents.*® Photothermal
agents that are active in the NIR range are of greater interest
due to the reduced absorbance by the body in this region.?>)
We demonstrated that all poly(z--DOPA)-coated fNDs exhibited
an enhanced photothermal effect over pure {NDs when irradi-
ated at 810 nm, and achieving greater than 10-fold increase (AT
=11.1 °C vs 0.8 °C) in temperature change for DOPA; -fND
(Figure 3d). Although, a higher photothermal effect was observed
for DOPA;,,,,-fND, we chose to continue our experiments with
DOPA,, -fND (AT = 6.4 °C) providing an appropriate balance
between fluorescence intensity and photothermal effects.

2.3. Post-Modification of DOPA-fND for Uptake Studies In Vitro

To investigate the poly(L-DOPA) coating as a homogenized plat-
form for the post-functionalization of f{NDs, we examined the
conjugation of proteins as stabilizing and biologically active func-
tional entities.'!*3] As a conserved 3D structure of the adsorbed

© 2019 The Authors.
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Figure 4. a) Confocal microscopy images of uptake of DOPA;,,,,-fND (top row) and Tf-fND (middle) in A549 cells (250 pg mL~"). Significant aggregation
and sedimentation of DOPA;,,,-fND visible. Tf-fND uptaken without sedimentation. Bottom row is blank sample. b) Dynamic light scattering data for
DOPA;,,,-fND and Tf-fND. c) Temperature increase of aqueous solutions of DOPA,,,,-fND (100 pg mL~") (1), free ICG (100 and 200 pg mL~") (2 and
3), and ICG-Tf-fND (100 pg mL™"; 190 pg mL™" ICG equiv) (4) after near-infrared (NIR) irradiation (810 nm lamp; 1TW cm~2).

protein is essential for its activity, the impact of its conjugation
onto the poly(.-DOPA) coating can be directly assessed in a bio-
logical assay system.

Human transferrin (Tf, 79.5 kDa), a heme-containing protein
that binds and transports iron through transferrin receptors ex-
pressed at the membrane of many cells and has been used to
enhance the uptake of nanoparticles,***! was loaded directly
onto DOPA-fND by mixing overnight in a mildly alkaline phos-
phate buffer. Adsorption of transferrin to the surface was likely
accomplished through a combination of non-covalent interac-
tions and covalent bonding via the amine-reactive Michael accep-
tors or carbonyls (Schiff base) of the quinone moieties formed
during the polymerization of 1-DOPA (Figure S13, Supporting
Information), which has been also discussed before for .-DOPA
polymers.*l Unbound protein was removed from the reaction
mixture by ultrafiltration (molecular weight cut off = 100 kDa) to
afford Tf-fND. Upon loading, the hydrodynamic radius increased
from 63 nm for DOPA-fND, to 78 nm for Tf-fND, indicating the
successful formation of a protein corona around the fND (Fig-
ure 4b). Successful loading was also confirmed by FT-IR (Fig-
ure S9, Supporting Information). The capability of transferrin to
initiate receptor-mediated endocytosis of Tf-fND was evaluated
using A549 lung adenocarcinoma cell line. In contrast to fND
alone or the precursor DOPA-fND, efficient receptor-mediated
uptake of Tf-fND was observed through confocal laser scanning
microscopy (Figure 4a). Next, we adsorbed ICG, a small molecule
dye with innate photothermal properties, onto Tf-fND. The load-
ing of ICG onto Tf-fND was accomplished by overnight incuba-
tion of Tf-fND and ICG in the dark with subsequent removal
of excess ICG through extensive ultrafiltration to afford ICG-Tf-
fND. The amount of ICG loaded was determined through its
characteristic absorbance at 400 nm and found to be >180% by
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mass compared to the fND (1.89 mg mg~' {ND). In this way,
a high local concentration of ICG was obtained, which could
enhance the photothermal effect of poly(1-DOPA)-coated fNDs.
Subsequently, we quantify the photothermal effect of ICG-Tf-fND
by observing the differential temperature increase in water upon
irradiation at 810 nm. In comparison to DOPA,, -fND (AT =
6.4 °C) and ICG (AT = 12.4 °C), ICG-TEND (AT = 13.9 °C)
showed a 120% and 12% improvement, respectively, in terms
of temperature increase attained after 20 min of irradiation (Fig-
ure 4c). Comparing absolute ICG concentrations, the magnitude
difference in temperature profile produced by ICG-Tf-fND sug-
gests that there is an enhancement for the loaded ICG over that
of molecularly free ICG. This amplified photothermal effect by
confinement was also characteristically observed in hollow in-
organic nanoparticles and plasmonic nanoparticle clusters.*”8]
The strong interaction of ICG with Tf-fND was demonstrated
by the negligible release of ICG (<5%) from ICG-Tf-fND when
incubated in cell media for 24 h (Figure S10, Supporting
Information).

2.4. Photothermal Applications In Vitro

We subsequently evaluated ICG-Tf-fND in HeLa and A549 cells.
The internalization pathway of ICG-Tf-fND was elucidated by
confocal microscopy. The fluorescence signal from ICG (ex.
561 nm, em. 750-800 nm) was imaged. It is interesting to note
that the transport of ICG-Tf-fND is represented in a receptor-
mediated manner by formation of endosomal vesicles where
the fluorescence signals are highly localized (Figure S11, Sup-
porting Information) and no freely diffusing ICG are obtained.

© 2019 The Authors.
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Figure 5. a) Optical images (20 x) of HeLa cells incubated overnight with ICG-Tf-fND and Tf-fND at 0, 5, 10, and 15 min after irradiation with 810 nm
lamp, 430 mW cm~2. Cell rounding is evident within 5 min in ICG-Tf-fND sample. No morphological changes observed with Tf-fND after 15 min. Scale
bar = 100 pm. b) Brightfield image (10 X) of A549 cells incubated overnight with ICG-Tf-fND imaged 4 h after 15 min irradiation with 810 nm lamp,
90 mW cm~2. Border (marked with red line) between irradiated area and non-irradiated area clearly visible. Scale bar = 100 ym. c) Live and dead staining
(10 x) of HeLa cells incubated overnight with ICG-Tf-fND imaged 4 h after 15 min irradiation with 810 nm lamp, 430 mW cm~2. Dead cells were washed
away during preparation leaving an empty region bordered by healthy cells. Scale bar = 100 ym. d) Live and dead staining (10 x) of HeLa cells incubated
overnight with ICG-T-fND imaged 4 h after 15 min irradiation with 810 nm lamp, 4 W cm~2. Sharp border clearly observed between live (green) and

dead (red) cells. Scale bar = 100 ym.

Molecularly, free ICG rampantly diffuses throughout the cell
(Figure S11, Supporting Information), clearly different to ICG-
Tf-IND, which also indicates the strong interaction between ICG
and TfND.

Upon internalization, the photothermal effect was initiated us-
ing an 810 nm lamp (200 mW) concentrated through the ob-
jective onto the sample area. Light densities were varied by the
magnification of the objective (10 X, 20 X, 40 X) and supplied cur-
rent. Simultaneously, time-lapsed optical images were recorded
in 20 s intervals to visualize the morphological changes due to
the localized heating effect by ICG-Tf-fND. First, various light
densities (0.09, 0.4, and 4.0 W cm~2) for the irradiation process
were conducted to identify the optimum power for photothermal-
induced cytotoxicity within 15 min. Efficient and immediate cell
rounding (under 5 min) was visually observed at light densities of
0.4 and 4.0 W cm~? (Figure 5a and Movies S1 and S2, Supporting
Information). Even very low light densities down to 0.09 W cm ™2
induced cell rounding visually detected within 10 min with cell
death thereafter (Figure 5b and Movie S3, Supporting Informa-
tion), a remarkably low power density compared to the previously
reported ICG—polydopamine-ND conjugate which required over
an order of magnitude higher power (2 W cm™2).% Live/dead
staining of the cells using fluorescein diacetate/propidium iodide
combination further demonstrates the characteristic spatial con-
trol of the light-induced cell death (Figure 5¢,d). In comparison,
no cell death and only minor morphological changes upon irra-
diation were observed for Tf-fND or fND + ICG mixture at any
power density (Figure 5a and Movies S4 and S5, Supporting In-
formation).
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3. Conclusion

In summary, we have described a hierarchical construction of a
nanodiamond-based theranostic system through a poly(1-DOPA)
coating that serves as a sticky layer for chemical functionaliza-
tion. By selecting the protein transferrin and the small molecule
dye ICG as two biologically active molecular components, we
demonstrate that the poly(1-DOPA) is an excellent avenue for
post-modification with both small molecules and proteins. No-
tably, the poly(t-DOPA) coating stabilizes the optical properties
of NV centers in the nanocrystals, and at the same time, it has
no negative effects on the charge state of NV~ defects, which is
crucial for future imaging and sensing applications.

Critical for effective dosing of deep-seated tumors due to the
exponential attenuation of light, the activation threshold for the
photothermal effect was at least ten times lower compared to
other nanodiamond-based systems.[**>? The endocytic transport
behavior and the immediate cellular response toward localized
heating, observed in confocal and time-lapsed microscopy, clearly
demonstrate the efficiency of the system.

Compared to other fluorescent nanoparticles, {NDs have
shown promise for in vitro and in vivo application due to their
high photostability. Tracking of particles in real time over long
periods can reveal information about biodistribution whereas the
defect centers (e.g., NV~, Si) enable sensing of temperature as a
nanoscale thermometer to monitor photothermal effects in situ.
To date, nanodiamonds have already been applied successfully in
vivo for many animal models (mouse,!l chicken embryo,** and
miniature pigP#4).5’!

© 2019 The Authors.
Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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We envision that the combination of optical and magnetic de-
tection and ultra-low power density required for phototoxicity
could open new avenues to the noninvasive treatment of malig-
nant tumors deep within the body, which could reach tissue in
the brain, prostate, colorectal, and pancreas. Collectively, the pre-
sented methodology rapidly facilitates the general preparation of
customized multifunctional {NDs, in which a broad selection of
functional components such as proteins and drugs could be used
in combination.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Transferrin-Coated Nanodiamond-Drug Conjugates for Milliwatt Photothermal
Applications
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Lu, Fedor Jelezko, David Y.W. Ng, Tanja Weil*

Materials and Methods

Fluorescent nanodiamonds were bought from FND Biotech or provided from Microdiamond.
Dulbecco’s Modified Eagle’s Medium (DMEM, 1x), Dulbecco's Phosphate-Buffered Saline
(DPBS, 1x), Fetal Bovine Serum (FBS), MEM Non-Essential Amino Acids Solution (MEM
NEAA, 100x) and Penicillin Streptomycin (Pen Strep) were purchased from gibco. Dopamine,
L-DOPA and human transferrin were purchased from Sigma-Aldrich.

Statistical Analysis
Where given the data are presented as mean = SD. Sample sizes are given in figure caption.
Preparation of DOPA-fND

Fluorescent nanodiamonds (fNDs) were dispersed in MilliQ water using an ultrasonic bath for
30 min. For a typical 500 pl batch of DOPA-fND 5mM, 50 pg of fNDs and 197.2 pl of L-DOPA
(2.5 mg mL!) were mixed in MilliQ water and sonicated in a water batch at 55 °C for 5 min.
To the fND L-DOPA solution was added 24.7 pul of sodium periodate solution in water (10.84
mg mL"). The final concentrations of fND, L-Dopa and sodium periodate were 100 pg mL™, 5
mM, and 2.5 mM, respectively. The mixture was sonicated in a water batch at 55 °C for 5 min
and shaken at room temperature at 500 rpm for 15 min. The coated fNDs (DOPA-fND) were
purified by ultrafiltration (100 kDa cutoff, 4000 xg, 5 min); washing 5 times.

Preparation of Tf-fND

DOPA-fND was re-dispersed using an ultrasonic bath for 90 min. For a typical 500 pl batch of
DOPA-fND 5 mM transferrin, DOPA-fND (50 pg fND) was added to a 500 pl of transferrin
(1 mg mL™") in phosphate buffer (10 mM, pH 8.5) under sonication for 5 min. The mixture was
shaken overnight at room temperature at 500 rpm. The DOPA-fND transferrin (Tf-fND) was
purified by ultrafiltration (100 kDa cutoff, 4000 xg, 5 min); washing 5 times.

Preparation of ICG-Tf-fND

Tf-fND was re-dispersed using an ultrasonic bath for 90 min. For a typical 500 pl batch of
ICG-Tf-fND, Tf-fND (50 ug fND) was added to 500 pl of indocyanine green (ICG, 1 mg mL!)
in MilliQ water under sonication for 5 min in the dark. The mixture was shaken overnight at
room temperature at 500 rpm in the dark. The Tf-fND loaded with ICG (ICG-Tf-fND) was
purified by ultrafiltration (100 kDa cutoff, 4000 xg, 5 min); washing 5 times.

Transmission Electron Microscopy



WILEY-VCH

One drop of a 0.1 mg mL"! solution of DOPA-fND (different concentration of L-dopa) in MilliQ
was placed onto an oxygen treated copper grid. A Jeol 1400 transmissions electron microscope
was used to obtain bright field images. See Figure S2.

UV-Vis Absorbance

10 pl of fND, DOPA-fND, Tf-fND, or ICG-Tf-fND solutions in MilliQ water (100 pg mL"")
were prepared in separate wells of 384 well low volume well plate. Absorbance scans from 200
to 1000 nm were obtained using a Tecan Spark20M.

Dynamic Light Scattering

200 pl of 0.2 mg mL" solutions of fND, DOPA-fND and ICG-Tf-fND in MilliQ were
transferred into a borosilicate glass cuvette. The size was measured at 20 °C with a 90° angle
using a Malvern Zetasizer Nano-S90 (Nano series). The hydrodynamic diameter distribution
was presented as intensity.

Fluorescence

10 pl of fND, DOPA-fND, Tf-fND, or ICG-Tf-fND solutions in MilliQ water (100 pg mL"")
were prepared in separate wells of 384 well low volume well plate. Fluorescence Intensity scans
were obtained using a Tecan Spark20M. An excitation wavelength of 520 nm was used for
emission scans. An emission wavelength of 700 nm was monitored for excitation scans

Optically Detected Magnetic Resonance

To investigate the effect from polydopamine coating to spin properties of Nitrogen-Vacancy
(NV) centers in fNDs Optically Detected Magnetic Resonance (ODMR) measurements were
performed. It was done at the home build confocal microscope. FNDs were dropped on a glass
substrate. Next to fNDs a wire was placed, which was used to apply microwave (MW) field to
manipulate spin state of NV- centers. FNDs were constantly illuminated by laser light (532
nm), MW was tuned from 2.7 to 3.1 GHz. Fluorescence was detected by avalanche photodiode
for better sensitivity

Confocal Microscopy

To study the cellular uptake mechanism, A549 cells were plated onto a Greiner Bio-One™
CELLview™ Cell Culture Slides 10-well plate at a density of 75000 cells mL™! in 100 pl cell
medium (Dulbecco’s Modified Eagle’s Medium + 10% FBS, 1% MEM NEAA, 1% PenStrep).
The cells were incubated overnight for attachment at 37 °C in 5% CO». The next day, the cell
medium was removed and replaced by DOPA-fND (250 ug mL!) and Tf-fND (250 pg mL™")
or free ICG (0.4 mg mL!") and ICG-Tf-fND (250 ug mL!) each in 100 pl cell medium. The
cells were incubated at 37 °C in 5% CO, for overnight or 2 h. For imaging, the cells were
washed once with Dulbecco's Phosphate-Buffered Saline (DPBS) and 100 pl of fresh cell media
was added. Imaging was then performed using a Leica TCS SP5 scanning confocal microscope
system coupled to a 63x water immersion objective. The emission of DOPA-fND, Tf-fND, free
ICG and ICG-Tf-fND was recorded using a 561 nm laser for excitation and 660-700 nm filter
for emission.

X-ray Photoelectron Spectroscopy

3 ul of fND or DOPA-fND solutions in MilliQ water (1 mg mL") were deposited on a gold
substrate and dried at 40 °C. XPS was conducted using a Kratos Axis UltraDLD spectrometer
2
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(Kratos, Manchester, England) using an Al Ka excitation source with a photon energy of 1487
eV. The data was acquired in the hybrid mode using a 0° take-off angle, defined as the angle
between the surface normal and the axis of the analyzer lens. Detailed region XP spectra were
collected with setting analyzer pass energy at 80 eV, and a linear background was subtracted
for all peak quantifications. The peak areas were normalized by the manufacturer supplied
sensitivity factors and surface concentrations were calculated using CasaXPS software. N 1s,
C 1s and O 1s high-resolution spectra were collected with analyzer pass energy of 20 eV.
Neutralizer was always used during spectra collection.

RAMAN Spectroscopy

3 ul of fND or DOPA-fND solutions in MilliQ water (1 mg mL') were deposited on a gold
substrate and dried at 40 °C. RAMAN spectroscopy was conducted a Bruker Senterra
instrument. A 785 nm laser (20 mW) focused through a 20x objective was used with an
acquisition time of 25 seconds.

Fourier Transform Infrared Spectroscopy

Three microliters of fND or DOPA-fND solutions in MilliQ water (1 mg mL™") were deposited
on a gold substrate and dried at 40 °C. FT-IR spectra were obtained by a Nicolet 730 FT - IR

spectrometer in ATR mode using 32 scans.
In vitro Photothermal

200 pl of {ND, DOPA-fND, Tf-fND, and ICG-Tf-fND solutions in MilliQ water (100 pg
mL") were prepared in separate wells of a 96 well plate. The wells were covered with parafilm
and a thin thermocouple lead was inserted into liquid. Each sample was irradiated with a 810
nm lamp (Thorlabs M810L3-C1) focused through the 10x objective of a Leica DMi8
microscope. The temperature was recorded over a 20 min period. The power density was
calculated to be 1 W cm™.

AS549 or Hel.a cells were plated onto p-Dish ibidi (35 mm, low) at a density of 75 000 cells
mL" in 500 pl cell medium (Dulbecco’s Modified Eagle’s Medium + 10% FBS, 1% MEM
NEAA, 1% PenStrep). The cells were incubated overnight for attachment at 37 °C in 5% COx.
The next day, the medium was removed and replaced by Tf-fND (100 ug mL!) and ICG-Tf-
fND (100 pg mL™) each in 500 ul cell medium. The cells were incubated at 37 °C in 5% CO»
overnight. For photothermal experiments, the cells were washed once with Dulbecco's
Phosphate-Buffered Saline (DPBS) and 500 pl of fresh cell media was added.

The culture dishes were placed in an incubator to maintain the temperature at 37 °C. Each
sample was irradiated with a 810 nm lamp (Thorlabs M810L3-C1) focused through the 20x
objective of a Leica DMi8 microscope for a period of 15 min. Every twenty seconds images
were taken on a full color CCD camera (Leica MC170) attached to the microscope. The images
were combined into a time-lapse video with a framerate of 8 images per second. An adjustable
power source (Thorlabs LEDD1B) was used to change the light power delivered to the samples.

Dead/Life Staining

After photothermal experiments, cells were incubated 1 h at 37 °C in 5% CO.. Dead/life
staining solution was prepared accordingly to the ibidi protocol. In summary, 8 pl fluorescein
diacetate (5 mg mL™") and 100 pul propidium iodide (1 mg mL') were added to 5 mL DPBS.

2
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Cell medium was removed and 500 pl of the staining solution was added. After 5 min, the cells
were washed three times with DPBS.

Imaging was performed using a Leica DMi8 microscope equipped with a Leica MC170 ND
camera, DFC9000GT and a sola light engine lumencor®.
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Figure S1. Images of nanodiamonds coated in dopamine (left) or L-DOPA (right) solutions at
various stages. (a) 20 min after NalO4 addition. L-DOPA shows brown coloration indicative of
polycatecholamines. (b) After two centrifugation and washing cycles. Red color remains in
supernatant of dopamine sample suggesting incomplete polymerization. (c) Resuspension of
nanodiamond pellet. (d) 15 min after resuspension. Sedimentation is visible in dopamine
sample. (e) UV-Vis spectroscopy of centrifugation and washing cycles. unreacted monomer
and excess oxidation products removed after 3 centrifugation and washing cycles. (f) Release
of L DOPA from DOPA-fND in DMEM media monitored at absorption peak of L-DOPA (280
nm). No release of free L-DOPA observed after 24 hours. Decrease in absorbance attributed to
absorption of tryptophan and other UV absorbing compounds into poly(L-DOPA) matrix.
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Figure S2. (a) Transmission electron microscope images of DOPA-fND prepared with
different concentrations of L-DOPA showing lack of agglomeration. (b) Poly(L-DOPA) coating
is universal for various batches and sources of nanodiamonds. Microdiamont Leipzig II L-
DOPA 1 mM. (c) Microdiamont Leipzig II L-DOPA 10 mM. (d) Microdiamont MD 05 L-
DOPA 1 mM.
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Figure S3. X-ray photoelectron spectrographs for raw nanodiamonds (fND), DOPA 15snm-fND,
L-DOPA, and poly(L-DOPA) nanoparticles. Appearance of carbonyl/carboxyl groups and
indole nitrogen indicative of poly(L-DOPA) coating on nanodiamonds. Higher ratio of
carbonyl/carboxyl to hydroxyl groups in poly(L-DOPA) attributed to longer incubation of
reaction mixture. Top row: Cls; Middle row: N1s; Bottom row: Ols.
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Figure S4. Raman spectra for different batches of nanodiamonds with poly(L-DOPA) coating.
Spectra of raw nanodiamonds in red and coated nanodiamonds (1 mM L-DOPA concentration)
in blue. Although spectra of raw nanodiamonds are significantly different, indicating different
levels of impurities and surface compositions, the spectra of the coated nanodiamonds are
strikingly similar. Verifying the universality of the coating. Left: fND BIOTECH; Center:
Microdiamont Leipzig II; Right: Microdiamont MD 05. Peak Assignments (a) Diamond (~1336
cm™) (b) catechol deformation (1385 cm™) (c) catechol deformation (1557 cm™).
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illumination. Increasing of fluorescence is stable in time (checked after 4 h).
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Figure S11. (a) Free indocyanine green (ICG, 0.4 mg mL") was incubated with A549 cells for
2 h at 37 °C in 5% COa. (b) ICG-Tf-ND (250 ug mL™") was incubated with A549 cells for 2 h
at 37 °C in 5% COsx.
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Abstract:

The inverse electron demand Diels-Alder reaction between tetrazine and trans-
cyclooctene (TCO) holds great promise in protein modification and manipulation.
Herein, we report the design and synthesis of a tetrazine-based disulfide rebridging
reagent, which allows the site-selective installation of a tetrazine group to disulfide-
containing peptides and proteins such as the hormone somatostatin (SST) and the
antigen binding fragment (Fab) of human immunoglobulin G (IgG). The fast and efficient
conjugation of the tetrazine modified proteins with three different TCO-containing
substrates to form a set of bioconjugates in a site-selective manner was successfully
demonstrated for the first time. Homogeneous, well-defined bioconjugates were
obtained underlining the great potential of our method for fast bioconjugation of
emerging protein therapeutics. The formed bioconjugates were stable against
glutathione and in serum and they maintained their secondary structure. With this work,
we broaden the scope of tetrazine chemistry for the site-selective protein modification
to prepare well-defined SST and Fab conjugates with preserved structure and good
stability in biologically relevant conditions.
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An inverse electron demand Diels—Alder reaction between tetrazine and trans-cyclooctene (TCO) holds
great promise for protein modification and manipulation. Herein, we report the design and synthesis of a
tetrazine-based disulfide rebridging reagent, which allows the site-selective installation of a tetrazine
group into disulfide-containing peptides and proteins such as the hormone somatostatin (SST) and the
antigen binding fragment (Fab) of human immunoglobulin G (IgG). The fast and efficient conjugation of
the tetrazine modified proteins with three different TCO-containing substrates to form a set of bioconju-
gates in a site-selective manner was successfully demonstrated for the first time. Homogeneous, well-
defined bioconjugates were obtained underlining the great potential of our method for fast bioconjuga-
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Introduction

Peptides and proteins are emerging as powerful treatment
options, as exemplified by the application of antibodies and
antibody fragments (Fab) in immunotherapy and antibody-
drug conjugates in targeted cancer therapy.' Nevertheless,
protein stability, immunogenicity and the time required to
engineer recombinant antibodies could limit their develop-
ment for in vivo studies.” In this regard, nature has evolved an
optimal synthetic factory in the form of posttranslational pro-
cesses, in which diverse functionalities can be attached to pro-
teins in a site-directed fashion.®> Inspired by this, chemists
strive to develop methodologies to impart diverse functional-
ities to native proteins with similar levels of precision.
Site-selective modification of therapeutically relevant pep-
tides and proteins to introduce reactive bioorthogonal handles
has emerged for post-modification in an “on-demand” fashion
to expand the features and functions of proteins to address the
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preserved structures and good stability under biologically relevant conditions.

challenges in fundamental biological and medical appli-
cations.” In this manner, protein therapeutics can be syntheti-
cally customized to program their properties for envisaged
applications.

Over the past decades, several bioorthogonal reactions,
including the [3 + 2] azide-alkyne cycloaddition, photoclick
1,3-dipolar cycloaddition and the inverse electron demand
Diels-Alder (IEDDA) reactions, have been developed and
applied for protein modifications.”> Among these, the IEDDA
reaction of 1,2,4,5-tetrazine with trans-cyclooctene (TCO)
stands out, providing fast reaction kinetics (rate constant of up
to 10° M™' s7"), excellent orthogonality, catalyst-free con-
ditions and good biocompatibility, and is a widely employed
bioorthogonal approach in chemical biology.® Previously, the
IEDDA reaction has been applied for the preparation of anti-
body conjugates, mainly via statistical modifications using
N-hydroxysuccinimide (NHS) ester chemistry for cell imaging,”
nanoparticle functionalization, and antibody targeted
therapy.®®® In the literature, two common approaches to site-
selectively modify proteins utilizing the IEDDA reaction are,
the introduction of a diene or dienophile by genetic code
expansion methods via the incorporation of noncanonical
amino acids'® and tag-based posttranslational attachment
strategies using enzymes (e.g. lipoic acid protein ligase A)."!
Nevertheless, the genetic code expansion method suffers from
low yields and tedious synthesis. This in turn limits its scal-

This journal is © The Royal Society of Chemistry 2020
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ability and accessibility for further applications, while tag-
based posttranslational attachment strategies first require the
genetic fusion of a specific peptide sequence (e.g. lipoate
acceptor peptide) to the protein of interest.'* A single tetrazine
or TCO group has also been introduced site-selectively into
peptides or proteins at an unpaired cysteine site via the thiol-
maleimide reaction.®®">

However, very few native proteins contain free cysteine resi-
dues.™ Furthermore, thiol-maleimide chemistry easily under-
goes the retro-Michael reaction resulting in a maleimide
exchange with other reactive thiols present, for example gluta-
thione, under physiological conditions causing off-target
effects.”® Therefore, other methods, which can introduce a
tetrazine or TCO group in a site-selective fashion into proteins
for subsequent IEDDA reactions are highly desirable to expand
the scope of their applications. Since many therapeutically
relevant peptides and proteins contain at least one disulfide
bond close to the protein surface, the disulfide rebridging
strategy provides a versatile technique to modify the solvent
accessible disulfide bonds on these proteins and peptides to
install suitable bioorthogonal tags."*'* Smith and coworkers
presented an elegant approach to introduce the tetrazine
group at the disulfide site of proteins/peptides via dichloro-
tetrazine."”> However, a significantly reduced activity of the
protein was reported after the modification. In this context, di-
sulfide modification based on bis-alkylating reagents to form
bisthioether conjugates gained wide applications for site-selec-
tive protein modifications without compromising their bio-
activity. Furthermore, it has been reported that bisthioether
conjugates formed by disulfide rebridging are more stable
than thiol-maleimide conjugates'® suggesting that it could be
a viable strategy for the installation of IEEDA reaction handles.
Herein, we present a simple and straightforward method for
the site-selective incorporation of a tetrazine group into native
peptides and proteins through disulfide rebridging with the
allyl sulfone scaffold reported previously.”” In comparison
with known bis-sulfone disulfide rebridging reagents, allyl
sulfone reagents provide improved reactivity and higher water
solubility, which greatly facilitates protein bioconjugations."”
The disulfide rebridging reactions of allyl sulfones proceed
in situ without side reactions e.g. with reducing agents
such as tris(2-carboxyethyl)-phosphine hydrochloride (TCEP).
In comparison, disubstituted maleimide disulfide rebridging
reagents, such as 3,4-dibromomaleimide, show side reactions
with TCEP, presumably due to the nucleophilic addition of
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phosphine to the electron-poor alkene moiety.'® The versatility
of the method was demonstrated by modifying two model sub-
strates: SST and IgG Fab under mild conditions which yielded
a set of well-defined protein conjugates (Fig. 1). The formed
protein conjugates showed good stability and maintained
their secondary structures after bioconjugation. The reported
methodology provides a rapid, robust and straightforward
strategy for site-selective protein labeling and expands the scope
of using IEDDA chemistry in the functionalization of thera-
peutically relevant peptides and proteins in a precise manner.

Results and discussion

Synthesis and characterization of the tetrazine-based disulfide
rebridging reagent

For the site-selective installation of bioorthogonal handles on
the proteins, a longer incubation time (usually overnight) is
often required.”® Therefore, the diene “6-methyl-1,2,4,5-tetra-
zine” instead of the dienophile “TCO” was introduced into the
protein. This strategy fully utilizes the fast kinetics of the
IEDDA reaction but minimizes the inherent isomerization
issues of TCO to nonreactive cis-cyclooctene, which occurs at a
longer incubation time or in the presence of thiols.*"® In this
context, a tetrazine-based allylsulfone disulfide rebridging
reagent (IC-Tetrazine, Scheme 1) was designed and readily

HZN»(\/O);/\QH —a >LO)OL” ‘(\/o);/\OH b o
2

1

3 4
. \@WV J,v@/ka/

IC-Tetrazine

Scheme 1 Synthesis of the tetrazine-containing disulfide rebridging
reagent (IC-Tetrazine). (a) Di-tert-butyl dicarbonate, CH,Cl,, overnight.
(b) Methacryloyl chloride, EtzsN, CH,Cl,, 90%. (c) 1. I, sodium p-toluene-
sulfinate, CH,Cl,, 3 days. 2. EtzN, CH,Cl,, overnight. 3. EtzN, ethyl
acetate, 95 °C, overnight, final yield: 60%. (d) Trifluoroacetic acid (TFA),
CH,Cl,, 98%. (e) Methyltetrazine NHS ester, EtzsN, CH,Cl,, overnight,
40%.
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Fig. 1 Schematic overview of site-selective incorporation of a reactive tetrazine tag into a solvent-accessible disulfide site of a cell-targeting
peptide or antibody fragment. The tetrazine-modified peptide/protein is used for post-functionalization to construct a small set of protein bioconju-
gates with a (1) dye, (2) polymer and (3) protein in a fast and highly selective manner with high conversions (one isomer is shown as a
representation).

This journal is © The Royal Society of Chemistry 2020 Org. Biomol. Chem., 2020, 18, 140-1147 | 1141



Open Access Article. Published on 09 January 2020. Downloaded on 3/6/2020 10:05:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

obtained through a four-step synthesis. As shown in Scheme 1,
tetraethylene glycol monoamine (1) was protected to afford 2-
(2-boc-aminoethoxy)ethanol (2) that underwent condensation
with methacryloyl chloride yielding the corresponding meth-
acrylate derivative (3). After a tandem iodosulfonylation-dehy-
droiodination reaction, the tosyl group was introduced to form
allyl-sulfone (4). The tert-butoxycarbonyl group was sub-
sequently removed in an acidic medium to afford the primary
amino group, which then reacted with methyl-tetrazine NHS
ester to afford the IC-Tetrazine reagent.

Site-selective protein modification

Subsequently, two model substrates (somatostatin and human
IgG Fab) were selected for site-selective modification with
IC-Tetrazine. Somatostatin (SST) regulates the endocrine
system and mediates signal transduction via five G protein-
coupled receptors (SSTR) that are overexpressed in high levels
in various kinds of cancer cells and tumor blood vessels.*® SST
conjugates have been widely investigated for targeted drug
delivery into SSTR-expressing cancer cells.>**' IC-Tetrazine
was reacted with SST after its single accessible disulfide bond
was reduced to generate free thiol groups by the addition of
two equivalents of TCEP at room temperature (Fig. 2a). The
product (SST-Tetrazine) was purified by high-performance
liquid chromatography (HPLC) yielding SST-Tetrazine in 30%
yield, which is comparable to that reported in the literature
(20% to 40%)."* Characterization by matrix assisted laser de-
sorption/ionization time of flight mass spectrometry
(MALDI-TOF-MS) revealed two signals corresponding to the
desired SST-Tetrazine (m/z = 2110.95 [M + H]", Fig. 2b, the
molecular weight of native SST is 1637 ¢ mol™') and the laser
fragmentation species of SST-Tetrazine (m/z = 2041.93, the
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Organic & Biomolecular Chemistry

chemical structure of the fragmentation species is shown in
Fig. S37), respectively. Notably, SST-Tetrazine is stable for more
than one year when stored as a solid at —20 °C (Fig. S47).

Next, we applied the modification method to an antibody
fragment (Fab) from human immunoglobulin G (IgG). Fab
fragments have been successfully used for constructing anti-
body-drug and antibody-nanoparticle conjugates providing
several advantages compared to the complete antibody.** The
conjugate retains the antigen-binding region which is crucial
for active targeting, but circumvents the non-specific binding
of the Fc region of antibodies.?** Since the interchain disul-
fides are much more exposed to the solvent and less stable
relative to the intrachain disulfides that are buried between
the two layers of anti-parallel p-sheet structures,*® IgG Fab was
incubated with 50 equivalents of TCEP (optimization of the
amounts of TCEP is shown in Fig. S51) to reduce the solvent
accessible interchain disulfide bonds and subsequently
reacted with IC-Tetrazine overnight (Fig. 2a). The tetrazine
modified Fab fragment (Fab-Tetrazine) was purified by ultrafil-
tration to remove residual TCEP and IC-Tetrazine. The
MALDI-TOF-MS analysis of Fab-Tetrazine revealed a molecular
weight of 48.5 kDa (Fig. 2c), showing an increase of ~500 Da
compared to that of the native Fab (48.0 kDa, Fig. S5Bf)
demonstrating its successful site-selective modification.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) of Fab-Tetrazine revealed a single band at ~48 kDa
showing that only a slight reduction occurred after site-selec-
tive modification even in the presence of 100 equivalents of
TCEP after one hour (Fig. 2d, band 2). In contrast, under the
same conditions, the native IgG Fab was almost completely
reduced exhibiting a single band appearing at ~24 kDa on
SDS-PAGE (Fig. 2d, band 1). Based on the concentration calcu-
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Fig. 2 (a) Site-selective modification of SST and IgG Fab with IC-Tetrazine.
calculated: 2110.95 [M + HI*). The m/z peak at 2041.93 corresponds to th

(b) MALDI-TOF-MS spectrum of SST-Tetrazine (found: 2110.95 [M + HJ*,
e fragmentation of SST-Tetrazine. (c) MALDI-TOF-MS spectrum of Fab-

Tetrazine (Fab-Tetrazine: found: 48.5k [M + H]*, calculated: 48.5k [M + HI]"). (d) SDS-PAGE analysis of native Fab and Fab-Tetrazine (M: Applichem
Protein Marker VI, 1: Fab (native) + 100 eq. TCEP incubation for one hour, and 2: Fab-Tetrazine + 100 eq. TCEP incubation for one hour).
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lated from gel densitometry (Fig. 2d), about 80% of the Fab
fragment was successfully modified. A thiol quantification
experiment using the thiol reagent 4,4’-dithiodipyridine was
performed and the result showed that about 73% of IgG Fab
were successfully modified, which is consistent with the result
obtained from gel densitometry (details are shown in the ESI,
Fig. S5ct). Taken together, the results clearly indicated that the
disulfide bonds in IgG Fab were successfully rebridged using
IC-Tetrazine.

Bioconjugation with a chromophore, PEG and enzyme

The versatility of the tetrazine-modified SST and IgG Fab for
the construction of well-defined bioconjugates was demon-
strated through post-modification with a fluorophore (cyanine-
5, Cy5) and a PEG chain. In addition, SST-Tetrazine was also
conjugated to a protein enzyme (cytochrome C, CytC) to form
a peptide-protein conjugate with high conversion. A TCO-ter-
minated PEG chain of a precise chain length with 12 repeating
units (TCO-PEG12) was selected to facilitate the characteriz-
ation by MALDI-TOF-MS. TCO-PEG12 was incubated with
SST-Tetrazine in phosphate buffer (PB, 50 mM, pH = 7.4) and
the pink color of the tetrazine group disappeared immediately
after mixing, indicating that the reaction took place instan-
taneously. The bioconjugation reaction was carried out for
30 minutes to ensure completion. Thereafter, the reaction
mixture was injected into the HPLC column and a predomi-
nant peak of SST-PEG12 was obtained (Fig. S7, ESIT).
SST-PEG12 was isolated in nearly quantitative yield (95%) and
characterized by MALDI-TOF-MS (Fig. 3b). SST-Tetrazine was
also conjugated to TCO-Cy5 under similar conditions yielding
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the desired conjugate SST-Cy5 in 90% yield. MALDI-TOF-MS
showed the m/z signal at 3041.17 (Fig. 3c).

Due to the much larger molecular weight of Fab-Tetrazine
compared to SST-Tetrazine, a longer PEG chain with a mole-
cular weight of 5000 Da containing 113 repeating units on
average (TCO-PEG113) was incubated with Fab-Tetrazine in
phosphate buffer (pH = 7.4) for 30 minutes to afford Fab-
PEG113. The characteristic band of Fab-Tetrazine at ~48 kDa
almost entirely disappeared after PEGylation and a new band
emerged, which was broader due to the polydispersity of the
PEG chain (Fig. 3d). A control experiment of mixing native Fab
and TCO-PEG113 did not show any unspecific absorption on
SDS-PAGE (Fig. 3d). MALDI-TOF-MS spectra revealed a signal
at 53.5 kDa indicating the successful conjugation (Fig. S11D¥).
Under similar conditions, the widely applied chromophore
Cy5 was also attached to Fab-Tetrazine to afford Fab-Cy5 (mole-
cular weight: 49.5 kDa, Fig. 3e) in 73% yield (the calculation is
shown in the ESIT). Successful conjugation was confirmed by
an increase in the molecular weight of ~1.5 kDa in the
MALDI-TOF-MS spectra in comparison with those of native
Fab (molecular weight: 48 kDa, Fig. 3e).

CytC is a 12 kDa hemeprotein typically located in the mito-
chondria of viable cells.”® Iso-yeast CytC has a single thiol
group on its surface for modification via thiol-maleimide
chemistry.”® TCO-PEG3-maleimide was reacted with CytC to
introduce the TCO group via thiol-maleimide chemistry
affording CytC-PEG3-TCO (Scheme S41). MALDI-TOF-MS data
revealed the successful modification of CytC (Fig. S6, ESIT). In
addition, a tetrazine-based dye (tetrazine-5-fluorescein,
Tetrazine-FAM, excitation wavelength: 492 nm and emission

a
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Fig. 3

(a) Bioconjugation between (i) SST-Tetrazine with TCO-PEG12 and TCO-Cy5. (ii) Fab-Tetrazine with TCO-Cy5 and TCO-PEG113 via a fast

click reaction. (b) MALDI-TOF-MS spectrum of SST-PEG12 (found: 2852.21 [M + H]*, calculated: 2852.28 [M + H]*). (c) MALDI-TOF-MS spectrum of
SST-Cy5 (found: 3041.17 [M + H]*, calculated: 3041.28 [M + HJ*). Sinapic acid was used as the matrix for all MALDI-TOF-MS measurements. (d)
SDS-PAGE analysis of Fab-PEG113 (M: Applichem Protein Marker VI, 1: Fab-Tetrazine, and 2: Fab + TCO-PEG113, 3: Fab-PEG113). (e) MALDI-TOF-MS
spectra of Fab-Cy5 (found: 49.5k [M + H]*, calculated: 49.5k [M + HI*) and native Fab (found: 48.0k [M + H]*, calculated: 48.0k [M + HI*).

This journal is © The Royal Society of Chemistry 2020
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wavelength: 517 nm) was used to react with CytC-PEG3-TCO to
assess the modification yield of CytC. Based on the absorbance
of CytC at 280 nm and the FAM dye at 490 nm, about 90% of
CytC was successfully modified with the TCO group (experi-
mental details are shown in the ESIT). Thereafter, the targeting
peptide SST-Tetrazine was conjugated to CytC-PEG3-TCO by
mixing and shaking for 30 minutes.

After ultrafiltration to remove the residual SST-Tetrazine,
SST-PEG3-CytC  was obtained and characterized by
MALDI-TOF-MS and SDS-PAGE. In the MALDI-TOF-MS spectra,
the signal at 15315 Da corresponds to the desired SST-PEG3-
CytC conjugate (Fig. 4b), whereas the signal for CytC-PEG3-
TCO (13233 Da) completely disappeared. On SDS-PAGE, a
slight band shift was observed indicating the successful conju-
gation between SST-Tetrazine and CytC-PEG3-TCO (Fig. 4c).
The conjugation of Fab-Tetrazine with CytC-PEG3-TCO was

"”’Cytc PEG3-TCO

NHz N\
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Fig. 4 (a) Bioconjugation between SST-Tetrazine and CytC-PEG3-TCO.
(b) MALDI-TOF-MS spectrum of SST-PEG3-CytC (found: 15315 [M +
HI*, calculated: 15 314 [M + H]") matrix: sinapic acid. (c) SDS-PAGE ana-
lysis of SST-PEG3-CytC (M: Applichem Protein Marker VI, 1: CytC-PEG3-
TCO, and 2: SST-PEG3-CytC).
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also performed. However, MALDI-Tof-MS data showed almost
no conjugation product, presumably due to the steric hin-
drance of the two bulky macromolecules.

Stability studies of SST-Tetrazine, Fab-Tetrazine and Fab-Cy5

The stability of the bioconjugates after disulfide modification
is an important consideration for their intended applications
in cellular environments. Therefore, the stability of the modi-
fied protein with the newly synthesized disulfide rebridging
reagent in glutathione (GSH) was investigated using liquid
chromatography mass spectrometry (LC-MS). SST-Tetrazine
(10 uM) was incubated with two-fold excess of GSH at biologi-
cally relevant concentrations (20 uM)*® at 37 ©°C and
SST-Tetrazine and the degradation product (GSH-Tetrazine,
1085 [M + H]'; the chemical structure is shown in Scheme S97)
were identified by simultaneous detection by UV-Vis spec-
troscopy at an absorption wavelength of 254 nm and selective
ion monitoring (SIM). The amount of SST-Tetrazine in each
sample was determined as a ratio of the integration of the
chromatogram at 254 nm of SST-Tetrazine to the standard
(Fmoc-L-phenylalanine) (Fig. 5a and b). LC-MS data showed
that SST-Tetrazine remained intact after 24 hours of incu-
bation and no degradation products were detected in the SIM
profile (Fig. S12Ct). Next, the stability of the Fab conjugates
was investigated based on the literature protocol.*?” Fab-
Tetrazine and Fab-Cy5 were incubated with 1% fetal bovine
serum (FBS) at 37 °C and monitored using SDS-PAGE.
SDS-PAGE data revealed no change in Fab-Tetrazine after
24 hours, indicating no obvious degradation (Fig. 5c). The
stability of Fab-Cy5 was also investigated based on the quanti-
fication of the fluorescence of the conjugate (shown in the
ESL,T page 15). The data indicated a good stability of Fab-Cy5
after incubation with FBS for 24 hours (Fig. 5d). Taken
together, these experiments showed that the resultant peptide
and protein bioconjugates formed by the disulfide rebridging
strategy and the subsequent IEDDA reaction remained stable
under physiological conditions, e.g. in the presence of GSH or
in media containing serum proteins.

2 34 567

| —
§ 15 kDa |
-

15 kDa

(a) Stability study of SST-Tetrazine via LC-MS. (b) Area ratio of SST-Tetrazine at 254 nm compared to Fmoc-L-phenylalanine (standard) at

three time points (n = 3, values are given as mean + SD). (c) Stability study of Fab-Tetrazine by SDS-PAGE (M: Applichem Protein Marker VI, 1: Fab-
Tetrazine, 2: 1% FBS, 3: Fab-Tetrazine + 1% FBS incubated for 12 hours, and 4: Fab-Tetrazine + 1% FBS incubated for 24 hours), (d) Stability study of
Fab-Cy5 by SDS-PAGE with (left) and without (right) Coomassie blue (M: Applichem Protein Marker VI, 1: 1% FBS, 2: Fab-Cy5, 3: Fab-Cy5 + 1% FBS
incubated for 12 h, 4: Fab-Cy5 + 1% FBS incubated for 24 h, 5: fluorescence of Fab-Cy5, 6: fluorescence of Fab-Cy5 after incubation with 1% FBS for
12 h, and 7: fluorescence of Fab-CyS5 after incubation with 1% FBS for 24 h).
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Fig. 6 (a) CD spectra of SST, SST-Tetrazine and SST-PEG12 (SST, SST-Tetrazine and SST-PEG12 were diluted to 0.1 mg mL™" in PBS, the data are the
average of three runs). (b) CD spectra of Fab, Fab-Tetrazine and Fab-PEG113 (Fab, Fab-Tetrazine and Fab-PEG113 were measured at 0.1 mg mL™* in
PBS, the data are the average of three runs). (c) ELISA data of Fab and Fab-Tetrazine (five different concentration points: 1 nM, 10 nM, 50 nM, 100

nM, and 200 nM). Data are plotted as mean + SD (n = 3).

Structural and functional studies

Circular dichroism (CD) is a versatile technique to determine
the secondary and tertiary structures of proteins. According to
Fig. 6a, SST, SST-Tetrazine and SST-PEG12 showed typical
random coil structures with a negative band at 201 nm. The
peak at 225 nm of SST is attributed to the presence of a higher
degree of polyproline (PPII) conformation.>”

Both native IgG Fab, Fab-Tetrazine and Fab-PEG113 conju-
gates, possess well-defined antiparallel p-pleated sheets con-
firmed by the peaks at 218 nm and 202 nm consistent with the
literature report,> which confirmed that the secondary struc-
ture of Fab was preserved after modification (Fig. 6b). Next, we
assessed whether the modification of IgG Fab affects its func-
tion to bind to protein L, a bacterial protein known to interact
with Fab fragments of immunoglobulins.*® The binding and
recognition of native Fab and Fab-Tetrazine were thus investi-
gated by enzyme-linked immunosorbent assay (ELISA).
Different concentrations (1 nM, 10 nM, 50 nM, 100 nM, and
200 nM) of IgG Fab and Fab-Tetrazine were added to the
protein L coated well plate and incubated for one hour. After
removing the unbound protein, anti-human IgG (Fab specific)-
peroxidase antibody was added to the well plate and incubated
for one hour. Enhanced chemiluminescence solution was
added to the well plate after washing three times with PBS. As
shown in Fig. 6¢, the binding affinities between IgG Fab and
Fab-Tetrazine are comparable, suggesting that the binding of
Fab-Tetrazine to protein L was preserved.

Conclusions

Herein, we report a straightforward and broadly applicable bio-
conjugation method for introducing a single tetrazine group
into a targeting peptide and antibody fragment at a pre-
defined, distinct site in aqueous media through disulfide
modification. The tetrazine functionalized peptide or Fab was
further conjugated with a series of TCO-modified functional-
ities, such as dyes, polymers, or proteins/enzymes yielding a
small library of stable bioconjugates within a short reaction
time. Such bulky functionalities could only be introduced by a

This journal is © The Royal Society of Chemistry 2020

two-step procedure as the disulfide rebridging reaction is
greatly limited by the steric demand of the reagent. Bulky sub-
stituents attached to the rebridging reagent such as polymers,
proteins or drug molecules have only limited access to the
reduced disulfide residues resulting in complex product mix-
tures with large amounts of unreacted starting materials and
very low product yield.** Therefore, the two-step approach pre-
sented herein based on the site-selective installation of the
tetrazine tag first followed by the IEDDA reaction provides con-
venient access to compound libraries, in which a broad range
of small and bulky TCO-modified functionalities could be
attached to the corresponding tetrazine-modified proteins in a
convenient, fast, and efficient way.

Notably, the modified proteins exhibited good stability
under biologically relevant conditions and their secondary
structure was preserved after modification. We envision that
this method would enable the preparation of the desired bio-
conjugates “on site”, e.g. in hospitals for the desired appli-
cations. In this way, the final conjugate would be applied to
the patient immediately after preparation, preventing long
term storage, quality control and loss of bioactivity of the final
conjugate. The approach presented herein is a valuable
addition to the chemical toolbox for site-selective protein lab-
elling and manipulation, offering a fast, robust and straight-
forward method to be easily adapted in any laboratory.
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1. General experimental details

Unless otherwise stated, all the operations were performed without taking precautions to
exclude moisture and air. All the organic solvents (CH,Cl,, CHCL, Ethyl Acetate (EA),
acetonitrile (ACN)) were bought from commercial sources (Merck, Sigma Aldrich and so on)
and are used directly without further purification. 1gG Fab Fragment from Human (polyclonal)
was obtained from Dianova GmbH and used as bought. Methyltetrazine N-hydroxysuccinimide
(NHS) ester, trans-cyclooctene (TCO)-PEG3-maleimide were bought from Click Chemistry
Tools. Sulfo-Cy5-TCO was bought from Santa Cruz Biotechnology. Tetrazine-5-FAM were
purchased from Jena Bioscience. TCO-PEG113 was obtained from NANOCS. TCO-PEG12
was bought from Broadpharm. Iso-yeast Cytochrome C was purchased from Sigma-Aldrich.
Glutathione was bought from Sigma-Aldrich. Protein L coated well plate, BCA assay and

enhanced chemiluminescence (ECL) solution were purchased from Thermo Fisher Scientific.

4.4'-dithiodipyridine  was bought from ACROS organics. Zeba spin desalting column (7K

MWCO) was obtained from Thermo Fisher Scientific. H,O used for the reactions was obtained
from the Millipore purification system. Vivaspin sample concentrators were purchased from
GE Healthcare. Reaction progress was monitored by thin layer chromatography (TLC) using
Merck 60 F,s, pre-coated silica gel plates and visualized under ultraviolet lamp (254 nm) or
using appropriate staining solution (KMnO,, ninhydrin, iodine). Flash column chromatography
was carried out using Merck silica gel 60 mesh. High performance liquid chromatography
(HPLC)was carried out using Shimadzu Analytical HPLC system. NMR spectrawere recorded
on Bruker Avance 300 NMR spectrometer and the chemical shifts (8) were reported as parts
per million (ppm) referenced with respect to the residual solvent peaks. MALDI-TOF-MS
spectra were acquired on a Bruker Time-of-flight MS rapifleX. Fluorescence (or absorbance)
spectra or intensities were measured on microplate reader (Tecan Spark 20M). The
chemiluminescence was measured by GloMax Discover Microplate Reader.

2. Synthetic Protocol of IC-Tetrazine

o) o) 0
a b >|\O
HNSN OO~y ——— ﬂ\okﬁwo%o/\/o\/\on —_— JL”{\/O%/\OJ\(

1 2 3
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Scheme 1 Synthesis of tetrazine-containing disulfide rebridging reagent (IC-Tetrazine). (a)
Di-tert-butyl dicarbonate, CH,Cl,, overnight. (b) methacryichloride, Et;N, CH,Cl,, 90%. (c)
2



1. 1,, sodium p-toluenesulfinate, CH,Cl,, 3 days. 2. Et;N, CH,Cl,, overnight. 3. Et;N, ethyl
acetate, 95 °C, overnight, yield after all three steps: 60%. (d) Trifluoroacetic acid (TFA),
CH,Cl,, 98%. (e) methyltetrazine NHS ester, Et;N, CH,Cl,, overnight, 40%.

Synthesis of 2,2-dimethyl-4-oxo0-3,8,11,14-tetraoxa-5-azahe xadecan-16-yl methacrylate
(compound 3)

Step a: 2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethanol (1, 0.50 g, 2.59 mmol) was dissolved
in 6 mL CH,Cl,. Di-tert-butyl dicarbonate (0.68 g, 3.10 mmol) was also dissolved in 6 mL
CH,Cl, and then was added to the former solution dropwise with a syringe pump. The reaction
mixture was stirred at room temperature overnight and the solvent was removed under vacuum.
The compound 2 was got as a colorless oil and used directly for the next step without further
purification.

Stepb: Toa 10 mL CH,Cl, solution of crude product from step a (200 mg, 0.68 mmol) was
added Et;N (82.9 mg, 114 pL, 0.82 mmol) followed by methacryloyl chloride (85.7 mg, 0.82
mmol) at 0 °C. The mixture was stirred at room temperature overnight. The solvent was
evaporated under high vacuum and the crude product was dissolved in 30 mL CH,Cl.
Subsequently, the crude product was washed with 1 M HCI and brine solution. The organic
layer was dried over anhydrous Na,SO, and the solvent was removed under vacuum. The crude
product was purified by column chromatography (EA : hexane = 1:1) to afford the compound
3 as colorless oil in 90% yield.

!H NMR (300 MHz, chloroform-d) & 6.10 (s, 1H), 5.57-5.53 (s, 1H), 4.32 — 4.23 (m, 2H),
3.77 — 3.54 (m, 12H), 2.47 (t, J = 6.6 Hz, 2H), 1.92 (s, 3H), 1.42 (s, 9H).

BCNMR (75MHgz, chloroform-d) 6 167.09, 155.92, 135.98, 125.83, 70.58, 70.24, 69.16, 63.86,
28.42, 18.31.

LC-MS: m/z = 362 [M+H]*, 384 [M+Na]*(calculated exact mass: 362.21 [M+H]*, 384.21
[M+Na]*, formula:C;;H3;NO>7)

Synthesis 0f2,2-dimethyl-4-0x0-3,8,11,14-tetraoxa-5-azahexadecan-16-yl 2-(tosylmethyl)-
acrylate (compound 4)

Compound 3 (211 mg, 0.58 mmol) was dissolved in 5 mL CH,CI, followed by adding the
sodium p-toluenesulfinate (156 mg, 0.87 mmol) and I, (222 mg, 0.87 mmol) sequentially. The
reaction mixture was stirred at room temperature for 3 days. Next, Et;N (176 mg, 242 L, 1.74
mmol) was added to the mixture and stirred overnight. Then the organic layer was washed with
1 M HCI solution, saturated NaHCOs solution, Na,S,0- solution and brine solution. The
organic layer wasdried over MgSO, and the solvent was removed by high vacuum. The residue
was dissolved in 10 mL ethyl acetate and Et;N (176 mg, 242 pL, 1.74 mmol) was added
dropwise at 0 ‘C. The mixture was refluxed overnight. After that, the solvent was evaporated

3



and the crude product was purified by column chromatography (EA : hexane = 3:1) to afford
compound 4 as slight yellow oil in 60% yield.

IH NMR (300 MHz, chloroform-d) 6 7.72 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 6.50
(s, 1H), 5.86 (s, 1H), 4.17 — 4.11 (m, 4H), 3.68 — 3.58 (m, 10H), 3.52 (t, J = 5.2 Hz, 2H), 3.28
(t,J=4.8 Hz, 2H), 2.42 (s, 3H), 1.42 (s, 9H).

13C NMR (75 MHz, chloroform-d) & 164.82, 155.98, 144.87, 135.37, 133.44, 129.61, 128.67,
79.25, 70.49, 70.23, 68.81, 64.50, 57.57, 40.52, 28.42, 21.54.

LC-MS: m/z = 516 [M+H]*, 538 [M+Na]* (calculated exact mass: 516.22 [M+H]*, 538.22
[M+Na] *, formula:C,4H3;NOgS)

Synthesis of 1-(4-(6-methyl-1,2,4,5-tetrazin-3-yl)phe nyl)-2-0x0-6,9,12-trioxa-3-azatetrad-
ecan-14-yl 2-(tosylmethyl)acrylate (IC-Tetrazine)

Stepd: In a 10 mL flask, compound 4 (15.1 mg, 0.03 mmol) was dissolved in 3 mL CH,Cl,.
Trifluoroacetic acid (TFA, 171.2 mg, 1.54 mmol) was also added. The resulting mixture was
stirred at room temperature overnight. The solvent and TFA was removed in vacuum to obtain
11.9 mg boc-deprotected product in 98%.

Stepe: Boc-deprotected product (11.9 mg, 0.03 mmol) was dissolved in 2 mL CH,CI, followed
by adding N,N-diisopropylethylamine (DIEA, 7.5 mg, 0.06 mmol) to ensure a basic condition.
Methyltetrazine-NHS ester (11.4 mg, 0.03 mmol) was dissolved in 1 mL CH,Cl, and added to
the aforementioned mixture above. The reaction mixture was stirred at room temperature
overnight and the solvent was evaporated under high vacuum. The residue was dissolved in 20
mL CH,Cl, and was washed with brine solution. The organic layer was dried over anhydrous
MgSQO, and the solvent was removed under high vacuum. The residue was purified by column
chromatography (CH,Cl,: MeOH =20:1) to afford compound IC-Tetrazine as red oil in 40%
yield. The purify of IC-Tetrazine is 98% based on the gquantification of the peak at 214 nm in
LC-MS.

!H NMR (300 MHz, chloroform-d) & 8.54 (d, J = 7.5 Hz, 2H), 7.72 (d, J = 7.6 Hz, 2H), 7.51
(d, J=7.8 Hz, 2H), 7.33 (d, J = 7.5 Hz, 2H), 6.50 (s, 1H), 5.83 (s, 1H), 4.25 — 4.08 (m, 4H),
3.75-3.37 (m, 16H), 3.09 (s, 3H), 2.44 (s, 3H).

BC NMR (75MHz, CDCl) 6 170.10, 167.24, 164.70, 163.85, 145.37, 144.96, 140.00, 135.50,
135.21, 133.46, 130.23, 129.73, 128.93, 128.73, 128.28, 70.62, 70.49, 70.25, 69.77, 68.81,
64.48, 57.60, 55.28, 43.48, 39.53, 35.78, 21.72, 21.12.

LC-MS: m/z = 628 [M+H]*, 650 [M+Na]*(calculated exact mass: 628.24 [M+H]*, 650.24
[M+Na]*, formula:Cs,H3,N50sgS)
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Figure S1 LC-MS data of IC-Tetrazine

3. Synthesis of tetrazine modified somatostatin (SST-Tetrazine)
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Scheme S2 Synthesis of SST-Tetrazine

Somatostatin (SST, 2 mg, 1.22 pmol) was dissolved in 1 mL ACN/phosphate buffer (PB, 50
mM, pH =7.8) mixture (v/v = 2:3). Tris(2-carboxyethyl)phosphine (TCEP, 0.7 mg, 2.44 ymol)
was dissolved in 100 L. ACN/PB mixture and added to the somatostatin solution. The mixture
was incubated at room temperature for 30 min. Afterwards, IC-Tetrazine (1.9 mg, 3.05 pmol)
was dissolved in 1 mL ACN/PB mixture aswell which wasadded to the SST and TCEP solution.
The reaction mixture was degassed for several minutes to exclude air in the solvent and gently
shaken at room temperature overnight. The crude product was purified by Prep HPLC using
Atlantis Prep OBD T3 Column (19x100 mm, 5 pum) with the mobile phase starting from 100%
solvent A (0.1% TFA in MilliQ water) and 0% solvent B (0.1% TFA in ACN), reaching 45%
B at 35 min and finally reaching 100% B at 42 min with a flow rate of 10 mL/min. The
absorbance was monitored at 280 nm, 254 nm and 515 nm. The retention time for SST-
Tetrazine was 34 min. About 0.8 mg SST-Tetrazine was obtained after lyophilisation (30%
yield).

LC-MS: m/z = 1056 [M+2H]?* 705 [M+3H]%*, 1054 [M-2H]?*



MALDI-TOF-MS (matrix: sinapinic acid): m/z = 2110.95 [M+H]* (calculated exact mass:
2110.95 [M+H]+, formula: C99H135N2302582)
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Figure S2 LC-MS data of purified SST-Tetrazine
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Figure S3 The chemical structure of the fragmentation part (in the frame) of SST-Tetrazine in
MALDI-TOF-MS spectrum

Furthermore, SST-Tetrazine is also showing no obvious degradation after one year storage in

the freezer based on the LC-MS data.
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4. Synthesis of tetrazine modified Fab fragment (Fab-Tetrazine)
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IgG Fab Fab-Tetrazine IC-Tetrazine
Scheme S3 Synthesis of Fab-Tetrazine

First, native 1gG Fab was incubated with different amounts of TCEP to determine how much
TCEP is necessary to totally reduce the interchain disulfide bond of 1gG Fab. 1gG Fab (3.2 g,
0.067 nmol, 4.8 mg/mL, 1eq) was mixed with 1 eq, 5 eq, 10 eq, 25 eq, 50 eq, 100 eq TCEP for
incubation for 1 hour. Then, the mixture was loaded to the SDS-PAGE. SDS-PAGE data
(Figure S5A) showed that 50 eq TCEP is necessarytofully reduce the interchain disulfide bond
of 1gG Fab.

Second, the buffer of the Fab solution (100 pg, 4.8 mg/mL, 2.08 nmol) was changedto PB (50
mM, pH = 7.8) by using 10 kDa MWCO ultrafiltration tube and diluted to 1 mg/mL with PB
(50 mM, pH =7.8). TCEP (30 pg, 0.10 pmol) was dissolved in 10 uL PB (50 mM, pH = 7.8)
and added to the Fab solution. Next the mixture was incubated at room temperature for 1 hour.
IC-Tetrazine (65.5 pg, 0.10 pmol, 20 mg/mL in dimethyl sulfoxide (DMSQ)) was first
dissolved in 5.5 pL. DMSO and then added to the Fab solution. The mixture was incubated at
room temperature overnight. Excess reagents were removed by repeated ultrafiltration in water
using Vivaspin sample concentrator (10 kDa MWCOQO). The sample was analyzed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). Based on the concentration
calculated from gel densitometry, about 80% of the Fab fragment was successfully modified
(SDS-PAGE is shown in Figure S5B).

SDS gel electrophoresis: 10% separating gel was prepared in the following order: 2.5 mL 40%
acrylamide solution, 5 mL water,2.5 mL 4x Bis-Tris gel buffer, 100 yL of 10% sodium dodecyl
sulfate buffer, 50 yL ammonium persulfate (v/w) solution, 5 pL tetramethylethylenediamine.
The mixed gel solution was added to the Bio-Rad Mini-Gel apparatus and stand for 15 min for
polymerization. The isopropanol was added above the separating gel to exclude air. Next, 6%
stacking gel was prepared in the following order: 0.75 mL 40% acrylamide solution, 3 mL
water, 1.25 mL 4x Bis-Tris gel buffer, 30 pL 10% sodium dodecyl sulfate buffer, 25 pL
ammonium persulfate (v/w) solution, 2.5 pL tetramethylethylenediamine. The stacking gel was
also added above the separating gel after totally removing the isopropanol. A 10-well comb
was inserted and the stacking gel was polymerized for another 10 min. For the sample loading
to the SDS-PAGE, 16 pL protein solution was mixed with 6 pL loading dye and 1 uL TCEP

solution. The mixture was incubated for one hour and then loaded to the gel.
7



On the other hand, a thiol-quantification experiment was performed to quantify how much thiol

groups are still left in Fab-Tetrazine sample. 4,4'-Dithiodipyridine is a disulfide-containing

reagent which reacts with protein thiols to form stoichiometric amounts of the chromogenic
compound 4-thiopyridone (4-TP), absorbing at 324 nm. In this experiment, cysteine was
selected as a standard compound. The procedure is described below:

1. 30 uL of 4,4'-dithiodipyridine (2 mM in 100 mM citrate buffer, pH =4.5) incubated with 30
pL cysteine solution (concentration: 0.01 mM, 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, dissolved
in 100 mM citrate buffer, pH = 4.5) for 15 minutes at room temperature. 50 pL of cysteine and
4 4'-dithiodipyridine mixture were taken in 384-well plate. Absorbance was monitored at 324
nm and the standard curve is shown in Figure S5C.

2. 50 pL of Fab-Tetrazine sample was mixed with 100 eq TCEP (100 mM PB, pH = 7.8) and
incubated for 1 hour to tally reduce the unmodified disulfide bonds.

3. Zeba spin desalting columns (7K MWCO) was buffer exchanged to the 100 mM citrate buffer
first following the protocol provided by the supplier. Next, the Fab-Tetrazine solution was
loaded to the column and the desalting steps was repeated six to eight times to tally remove the
residue TCEP. After desalting, the protein concentration was determined to be 3.21 mg/mL
based on the BCA assay following the protocol provided by the supplier.

4. Next, 30 uL of 4,4'-dithiodipyridine (2 mM in 100 mM citrate buffer, pH = 4.5) was
incubated with 30 pL the Fab-Tetrazine solution at room temperature for 15 minutes. 50 pL of
the protein and 4,4'-dithiodipyridine mixture were taken in 384-well plate. Absorbance was
monitored at 324 nm and 0.51 was obtained for the Fab-Tetrazine sample.

Based on the standard curve, 0.51 indicated the concentration of thiol groups in 60 pL protein
and 4,4'-dithiodipyridine mixture is 0.018 mM. The concentration of unmodified disulfide bond
is 0.009 mM. The concentration of Fab-Tetrazine is 1.6 mg/mL (0.033 mM) in 60 pL protein

and 4.4'-dithiodipyridine mixture. From this readout, about 73% of 1gG Fab was successfully

modified.
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Figure S5 (A) SDS-PAGE analysis of Fab fragment which was incubated with different
amounts of TCEP (M: Protein Marker, 1: Fab + 1 eq TCEP, 2: Fab + 5eq TCEP, 3: Fab + 10
eq TCEP, 4: Fab + 20 eq TCEP, 5: Fab + 40 eq TCEP, 6: Fab + 50 eq TCEP ) (B) MALDI-
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TOF-MS of native 1gG Fab (found: 48.0k [M+H]*, calculated: 48.0k [M+H]*) and Fab-
Tetrazine (found: 48.5k [M+H]*, calculated: 48.5k [M+H]*) (C) standard curve based on

checking the absorbance of cysteine and 4,4'-dithiodipyridine solution at 324 nm

5. Modification and characterization of Cytochrome C (CytC) with trans-cyclooctene

(TCO) group

o o) o
&CVLHAV\O%\ANJLO g

©  TCO-PEG3-Maleimide

TCEP, PB (pH=7.0), 4 h

CytC CytC-PEG3-TCO

Scheme S4 Modification of Cytochrome C with TCO-PEG3-Maleimide

CytC (212 pg, 0.02 umol) was dissolved in 212 uL PB (50 mM, pH = 7.0) and mixed with
TCEP (9.7 pg, 0.03 pumol). The mixture was shaken at room temperature for 1 hour. TCO-
PEG3-Maleimide (267 pg, 0.51 pmol) was added to the mixture above and shaken at room
temperature for 4 hours. Afterwards, the crude product was purified by repeated ultrafiltration
in water using Vivaspin sample concentrator (5 kDa MWCO). The MALDI-TOF-MS of the
modified product (CytC-PEG3-TCO) is shown in Figure S6B. Compared to the native CytC
(Figure S6A), the molecular weight of CytC-PEG3-TCO increased by 525 Da which

corresponds to the molecular weight of TCO-PEG3-Maleimide (523.62 Da).
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Figure S6 MALDI-TOF-MS of (A) native CytC (found: 12710 [M+H]*, calculated: 12588
[M+H]*) and (B) CytC-PEG3-TCO (found: 13233 [M+H]", calculated: 13235 [M+H]*)
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Scheme S5 Reaction between CytC-PEG3-TCO and Tetrazine-FAM

In order to check the modification yield of CytC with the TCO group, CytC-PEG3-TCO was
used to react with a dye (Tetrazine-FAM) in H,O. After reaction, the modification yield was
estimated based on the absorbance of CytC at 280 nm and the FAM dye at 490 nm.
CytC-PEG3-TCO (70 ug, 5.29 nmol) was mixed with 2.27 uL Tetrazine-FAM (25.7 pg, 0.05
umol, 10 mg/mL stock solution in DMSO) in H,O. The mixture was shaken at room
temperature for 1 hour. After that, the crude product was purified by repeated ultrafiltration in
water using Vivaspin sample concentrator (5 kDa MWCO) to get the purified CytC-PEG3-
FAM. The degree of labelling (DOL) was calculated based on the following equation:

Amax X €250 (protein)

DOL =
(A280 — Amax X CF) X &max

We check the absorbance of CytC-PEG3-TCO at 280 nm and 490 nm, the values are listed
below:

Asg (the absorbance of the sample at 280 nm) = 0.42,

Aq (the absorbance of the sample at 490 nm) = 0.89

€280 (the extinction coefficient of CytC at 280 nm) = 13075 M-tcm™

emax (the extinction coefficient of FAM dye at 490 nm) = 83000 M-*cm™

CF (correction factor) =0.3

Based on the calculation, the DOL is 90%.

Absorbance at 280 nm (A.g) is used to determine the protein concentration in a sample.
However, fluorescent dyes also absorb at 280 nm. Therefore, a correction factor must be used
to adjust for A,g, contributed by the dye. The correction factor (CF) equals the A.g, Of the dye

divided by the A« of the dye as shown in the equation above.

6. SST-Tetrazine conjugation with TCO-PEG12, TCO-Cy5 and CytC-PEG3-TCO
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Scheme S6 Bioconjugation between SST-Tetrazine, TCO-PEG12 and TCO-Cy5

SST-Tetrazine (2 mg, 0.95 umol) was dissolved in 1.332 mL PB (50 mM, pH = 7.4). TCO-
PEG12 (730 pg, 1.00 umol) was dissolved in 667 uL PB (50 mM, pH = 7.4) and added to the
SST-Tetrazine solution. The reaction mixture was shaken for 30 min. After mixing the two
components, the pink color originating from the tetrazine group disappeared immediately. The
crude product was purified by semi-preparative HPLC using Agilent Eclipse XDB-C18 column
(9.4 x 250 mm, 5 pum) with the mobile phase starting from 100% solvent A (0.1% TFA in
MilliQ water) and 0% solvent B (0.1% TFA in ACN), reaching 43% B at 35 min and finally
reaching 100% B at 38 min with a flow rate of 4 mL/min. The absorbance was monitored at
280 nm and 254 nm. The retention time for SST-PEG12 was 32 min. 2.56 mg SST-PEG12 was
obtained (yield: 95%).

LC-MS: m/z =718 [M+Na+3H]**, 959 [M+Na+2H]%*, 966 [M+2Na+H]**, 1438 [M+Na+H]?",
1424 [M-H]

MALDI-TOF-MS (matrix: sinapinic acid): m/z = 2852.2102 [M+H]* (calculated exact mass:
2852.3873 [M+H]*, formula: C;35H20:N2041S;).
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Figure S7 HPLC chromatogram (280 nm detection wavelength) of SST-PEG12
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Figure S8 LC-MS data of SST-PEG12

SST-Tetrazine (180 mg, 0.85 umol) was dissolved in 1.26 mL PB (50 mM, pH = 7.4). TCO-
Cy5 (1.03 pg, 0.9 umol) was dissolved in 252 pLL DMSO and added to the SST-Tetrazine
solution. The reaction mixture was stirred for 30 min. The crude product was purified by
Semipreparative HPLC using Agilent Eclipse XDB-C18 column (9.4x250 mm, 5 um) with the
mobile phase starting from 100% solvent A (0.1% TFA in MilliQ water) and 0% solvent B (0.1%
TFA in ACN), reaching 43% B at 35 min and finally reaching 100% B at 38 min with a flow
rate of 4 mL/min. The absorbance was monitored at 280 nm and 254 nm. The retention time
for SST-Cy5 was 28.5 min. 2.3 mg SST-Cy5 was obtained (yield: 90%).

LC-MS: m/z = 1014 [M+3H]3**, 1520 [M-2H]?*, 1012 [M-3H]*

MALDI-TOF-MS (matrix: sinapinic acid): m/z = 3041.1742 [M+H]* (calculated exact mass:
3041.2939 [M+H]*, formula: C145H197N2503,Ss)
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Figure S9 HPLC chromatogram (280 nm detection wavelength) of SST-Cy5
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Figure S10 LC-MS data of SST-Cy5
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Scheme S7 Bioconjugation between SST-Tetrazine and CytC-PEG3-TCO

SST-Tetrazine (32 pg, 0.015 umol) was mixed with CytC-PEG3-TCO (132 pg, 0.010 pmol) in
PB (50 mM, pH = 7.4). The mixture was shaken for 30 min. Afterwards, the reaction mixture
was purified by repeating ultrafiltration in water using Vivaspin sample concentrator (5 kDa
MWCO) to get the purified SST-PEG3-CytC. The desired SST-PEG3-CytC was characterized
by MALDI-TOF-MS and SDS-PAGE.

7. Fab-Tetrazine conjugation with TCO-Cy5 andTCO-PEG113
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Scheme S8 Bioconjugation between Fab-Tetrazine, TCO-Cy5and TCO-PEG113

Fab-Tetrazine (48 pg, 1.00 nmol) was dissolved in 85 uL PB (50 mM, pH = 7.4). TCO-Cy5
(5.7 pg, 5.00 nmol, 20 mg/mL in DMSO stock solution) was added to the Fab-Tetrazine
solution. The reaction mixture was incubated at room temperature for 30 min. Afterwards, the

crude product was purified by repeated ultrafiltration in water using Vivaspin sample
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concentrator (10 kDa MWCO). Based on Figure S11A, Fab-Cy5 showed obvious fluorescence
compared to the Fab-Tetrazine indicating the successful conjugation.

The degree of labelling of Fab-Cy5 was calculated using two different methods.
One method to determine the degree of labeling of Fab-Cy5 is based on the following equation:

Amax X &250 (protein)
(A280 - Amax X CF) X Emax

DOL =

After extensive desalting steps using Zeba spin desalting columns (repeated six to eight times
to totally remove the free dye), we check the absorbance of Fab-Cy5 at 280 nm and 650 nm, the
values are listed below:

Avgo (the absorbance of the sample at 280 nm) = 0.23

Amax (the absorbance of the sample at 650 nm) = 0.56

€280 (the extinction coefficient of native Fab at 280 nm) = 70000 M-tcm™?

emax (the extinction coefficient of Cy5 dye at 650 nm) = 250000 M-tcm?

CF (correction factor) =0.03

Based on the calculation, the DOL is 73%.

The other method to determine the degree of labelling is based on the gel densitometry. The
absorbance of Fab-Cy5 at 650 nm is 0.56. The Cy5 concentration was 13.3 pg/mL (13.8 uM)
calculated using the calibration curve (Figure 11C). Fab-Cy5 solution was diluted 10 times and
then loaded to the SDS-PAGE. Based on the gel densitometry (FigureS11B), the concentration
of Fab-Cy5 (1:10 dilution) is 0.094 mg/mL (1.96 uM). So the concentration of the original Fab-
Cy5 (no dilution) is 0.94 mg/mL (19.6 uM). Therefore, the labelling efficiency was 70% (=

13.8/19.6x 100%).
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Figure S11 (A) Fluorescence spectra of Fab-Cy5 and Fab-Tetrazine (B) SDS-PAGE of IgG Fab
and Fab-Cy5 (M: Protein marker, 1: Fab-Cy5 (based on the gel densitometry, the concentration
of Fab-Cy5 is 0.094 mg/mL), 2: 1gG Fab (0.1 mg/mL) (C) calibration curve of TCO-Cy5 based
on the absorbance of 650 nm (D) MALDI-Tof-MS of Fab-PEG113 showing a signal at 53.5
kDa (found: 53.5k [M+H]*, calculated: 53.5k [M+H]*)

TCO-PEG113 (molecular weight: 5000 Da containing 113 repeating units on average) (25 pg,
5.00 nmol) wasdissolved in PB (50 mM, pH = 7.4) and added to the Fab-Tetrazine (48 pg, 1.00
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nmol) solution. The reaction mixture was stirred at room temperature for 30 min. After the
reaction, the crude product was purified by repeated ultrafiltration in water using Vivaspin
sample concentrator (10 kDa MWCO). The sample was analyzed by SDS-PAGE. Based on the
gel, the band of Fab-Tetrazine totally disappeared and shifted to higher molecular weight (Fig.
3d in the main text). Because TCO-PEG113 is not monodisperse, the band of Fab-PEG113 also
became broaden after conjugation. MALDI-Tof-MS of Fab-PEG113 also showed a signal at
53.55 kDa indicating the successful modification (Fig. S11D).

8. Stability test of SST-Tetrazine and Fab-Tetrazine

0.01 mM SST-Tetrazine solution was incubated with 20 UM Glutathione at 37 °C for 0 hours,
12 hours and 24 hours. For each sample, 10 pL of 10 mg/mL Fmoc-L-phenylalanine was added
as internal standard. After incubation, the samples were injected into LC-MS. Identification of
SST-Tetrazine product was performed simultaneously by UV-VIS detection at 254 nm and 214
nm and selective ion monitoring (SIM). The amount of SST-Tetrazine in each sample was
determined as a ratio of the integration of the chromatogram at 254 nm of SST-Tetrazine to the
internal standard.
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Scheme S9 Reaction of GSH-mediated cleavage of SST-Tetrazine
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Figure S12 (A) LC-MS chromatogram of SST-Tetrazine incubating with GSH at 214 nm (the
peak at 2 min is from DMSQO). (B) The area ratio of SST-Tetrazine at 214 nm compared to
internal standard. (C) selective ion monitoring profile of m/z 1085 (GSH-Tetrazine) at 0 h and

24 h showing no degradation products were detected.

As suggested in the reference?, the stability of Fab-Tetrazine and Fab-Cy5 were investigated
through incubation with fetal bovine serum (FBS) at 37 °C. 0.01 mM Fab-Tetrazine and Fab-
Cy5 were incubated with 1% FBS for 0 hour, 12 hours and 24 hours at 37 °C. After incubation,
the mixture was analyzed by SDS-PAGE as described in the protocol in the section above.
From the SDS-PAGE data, the protein band of Fab-Tetrazine did not have obvious change
showing the good stability of Fab-Tetrazine. The stability of Fab-Cy5 was also investigated
based on quantifying the fluorescence of the conjugate. The intensity of the fluorescence band
of lane 5-7 is 23226.886, 24341.886 and 23008.664 using Image J. The data indicated good
stability of Fab-Cyb5 after incubation with FBS for 24 hours (Fig. 5d)

9. CD experiment of SST-Tetrazine and Fab-Tetrazine

Native SST, SST-Tetrazine and SST-PEG12 were dissolved in PBS to prepare 0.1 mg/mL
solution. CD measurements were performed on JASCO J-1500 spectrometer in a 1 mm High
Precision Cell by Hellma Analytics from 260 to 190 nm with a bandwidth of 1 nm. The data
pitch was setto 0.2 nm, while the scanning speed was 10 nm/min. Each sample was measured
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three times and the signal from the buffer blank was subtracted from the sample scan. The data
was processed in the software Spectra Analysis and CD Multivariate SSE by JASCO.

Native 1gG Fab, Fab-Tetrazine and Fab-PEG113 conjugate were dissolved in PBS at a final
concentration of 0.1 mg/mL. CD experiment was performed as SST and SST-Tetrazine using
the same machine with the same procedure. Each sample was measured three times and the

signal from the buffer blank was subtracted from the sample scan. The data was processed in

the softwares Spectra Analysis and CD Multivariate SSE by JASCO.

10. Enzyme-Linked immunosorbent assay (ELISA) experiment?

Protein L coated 96-well plate was washed with 100 uL wash buffer (PBS with added 0.05%
Tween-20 detergent). Then dilution buffer (2% BSA in washing buffer) was used to dilute the
native 1gG Fab and Fab-Tetrazine to the following concentration: 1 nM, 10 nM, 50 nM, 100
nM, 200 nM and 100 pL of dilution solution were added to the corresponding well incubating
for 2 hours. After 2 hours, the dilution solution was removed and each well was washed three
times with wash buffer. Next, 100 pL of anti-human IgG, Fab-specific-HRP solution (prepared
by taking 4 uL of a 1:5000 diluted solution and further diluting with 20 mL of PBS) was added
to each well and incubate for 1 hour. Next, the solution was removed and washed with wash
buffer 3 times (200 pL). For each well, 100 pL. enhanced chemiluminescence solution (ECL
solution, from Thermo Fisher Scientific) was added to each well and chemiluminescence was

measured after 5 minutes.
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'H NMR of compound 4
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'H NMR of IC-Tetrazine
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FND
FT-IR
HER2
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HSA
ICG
ICG-Tf-FND
L-DOPA
LM

Maldi-Tof MS

MLS
MRI
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anti-Brownian electrokinetic trapping

atomic force microscopy

atom transfer radical polymerization
blood-brain barrier

breast cancer

endothelia cells

bovine serum albumin

chorioallantoic membrane

correlative light—electron microscopy

confocal laser scanning microscopy

computed tomography

chemical vapor deposition

dibenzocyclooctyne
N,N’-dicyclohexylcarbodiimide

dynamic light scattering

deoxyribonucleic acid
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doxorubicin
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energy filtered transmission electron microscopy
epidermal growth factor receptor

electron microscopy
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electron spin resonance
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human epidermal growth factor receptor 2

high pressure—high temperature

human serum albumin

indocyanine green
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light microscopy
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NDX
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NIR
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PAMAM
PEG
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PG
PNA
Qb
RAFT
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RNA
siRNA
SiVv
SPT
STED
STORM
TAT
TCEP
TEER
TEM
Tf-FND
TNBC
uv
XPS

nanodiamond

NDs loaded with DOX
N-hydroxysuccinimide

near-infrared

nuclear localization signal
nanoparticle

nitrogen-vacancy

negatively charged nitrogen-vacancy
optically detected magnetic resonance
photoacoustic

poly(amidoamine)

polyethylene glycol
polyethylenimine

positron-emission tomography
polyglycerol

peptide nucleic acid

guantum dot

reversible addition-fragmentation chain transfer
hydrodynamic radius

ribonucleic acid

small interfering RNA
silicon-vacancy

single particle tracking

stimulated emission depletion
stochastic optical reconstruction microscopy
trans-activator of transcription
tris(2-carboxyethyl)phosphine
transendothelial electrical resistance
transmission electron microscopy
transferrin-coated FNDs
triple-negative breast cancer
ultraviolet

X-ray photoelectron
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